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EXPLOSIVE  FORMING  OF  METALS 

SUMMARY 


In  view  of  the  current  high  level  of  interest 
in  explosive-metalworking  processes,  this  report 
has  been  prepared  to  review  the  status  of  forming 
materials  with  high  explosives.  The  information 
presented  has  been  obtained  from  the  open  litera¬ 
ture  and  from  firms  active  in  explosive-forming 
operations.  In  most  cases  the  process  is  applied 
to  large  or  unusual  shapes  which  cannot  be  readily 
fabricated  by  conventional  means. 

Explosive-metalworking  operations  can  gen¬ 
erally  be  classified  as  either  confined  or  uncon¬ 
fined  systems.  The  confined  system  has  distinct 
advantages  for  the  forming  of  thin  materials  to 
close  tolerances;  however,  the  nature  of  the  op¬ 
eration  imposes  a  size  limitation.  Unconfined 
systems  are  less  efficient  because  only  a  small 
portion  of  the  total  energy  from  the  explosive  is 
utilized  in  the  forming  operation.  This  method  is 
particularly  attractive,  especially  for  very  large 
pieces,  since  tooling  requirements  are  greatly 
simplified. 

A  wide  variety  of  explosives  and  detonators 
used  in  explosive-forming  operations  are  discussed 
with  emphasis  on  the  secondary  high  explosives. 
Both  commercial  and  military  types  of  explosives 
have  been  used  in  forming  operations  to  date.  The 
military  types  have  been  employed  to  a  lesser  ex¬ 
tent  and  it  has  been  noted  that  their  continuity  is 
not  as  good  as  the  commercial  types.  Character¬ 
istics  of  these  materials  relating  to  their  handling 
and  storage  are  briefly  reviewed.  The  versatility 
and  wide  use  of  Primacord  in  explosive  operations 
is  particularly  noteworthy. 

Positioning  of  the  explosive  in  the  proper 
relation  to  the  workpiece  can  be  achieved  by  a 
number  of  routine  methods.  In  order  to  prevent 
misfires  and  deflagration  of  the  explosive  it  is 
necessary  to  employ  the  proper  size  blasting  cap 
and  method  of  attachment  as  recommended  by  the 
explosive  manufacturers.  Depending  on  the  ma¬ 
terial  to  be  formed,  protection  from  blasting  cap 
fragments  or  corrosive  action  by  the  water  trans¬ 
fer  media  may  be  required. 

Materials  are  generally  formed  in  the  an¬ 
nealed  condition  with  explosives  at  ambient  tem¬ 
peratures.  Intermediate  anneals  may  also  be 
employed  between  successive  forming  operations 
and  are  determined  by  prior  experience  with  the 
particular  material.  In  some  cases  such  as  those 
involving  extensive  work  hardening,  stress- 
relieving  treatments  are  required  immediately 
after  forming  to  prevent  delayed  cracking  due  to 


residual  stresses.  For  titanium  and  refractory 
metals,  forming  at  elevated  temperatures  is 
desirable. 

Location  of  an  explosive-forming  facility 
must  be  based  on  considerations  of  safety,  local 
regulations,  economics,  and  community  relations. 
Both  the  initial  use  and  projected  future  uses  must 
be  factored  into  the  decision  in  order  that  continued 
operation  may  be  assured.  The  layout  of  opera¬ 
tions  within  such  a  facility  should  serve  to  provide 
a  smooth  flow  of  materials  through  the  work  area 
and  permit  close  control  of  the  operations  for 
maximum  safety. 

The  design  of  dies  for  explosive-forming 
operations  is  dependent  on  the  peak  pressure  to  be 
developed  during  detonation.  Once  this  value  is 
established,  conventional  methods  of  stress  analy¬ 
sis  may  be  applied  to  the  designs.  Die  materials 
in  past  and  current  operations  have  included  heat- 
treated  alloy  steels,  Kirksite,  aluminum  alloys, 
ductile  iron,  reinforced  concrete,  plastic,  ice, 
and  composite  materials. 

Explosive  forming  has  been  used  most  widely 
for  producing  parts  from  sheet  metal.  The  maxi¬ 
mum  size  of  parts  which  can  be  formed  is  limited 
only  by  the  size  of  tooling  that  can  be  constructed. 
Tolerances  as  close  as  ±0.001  inch  can  be  achieved 
on  small  parts,  but  working  tolerances  are  nor¬ 
mally  0.010  inch.  The  nature  of  various  investi¬ 
gations  concerning  the  formability  of  sheet  mate¬ 
rials  has  not  yielded  quantitative  information  on 
formability  limits  since  the  efforts  have  been  di¬ 
rected  toward  specific  parts.  It  has  been  generally 
observed  that  both  austenitic  and  precipitation¬ 
hardening  stainless  steels  and  aluminum  alloys 
have  been  formed  with  very  little  difficulty.  Work- 
ha’-dened’ stainless  steels  are  also  readily  formed 
with  explosives,  and  through  proper  scheduling  of 
prior  work  and  annealing,  optimum  mechanical 
properties  can  be  obtained  after  forming.  In  con¬ 
trast,  carbon  steels  can  withstand  only  limited 
deformation. 

Increases  in  strength  similar  to  those  ^e- 
Bulting  fi'c  -.1  the  same  amount  of  deformation  in 
conventional  forming  have  been  noted  in  explosively 
formed  materials.  Limited  data  indicate  a  de¬ 
crease  in  fatigue  strength  in  such  materials;  how¬ 
ever,  more  detailed  studies  are  required  to  estab¬ 
lish  this  effect.  Similarly,  only  limited  data  are 
available  on  the  effects  of  explosive  forming  on 
stress-corrosion  resistance. 
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INTRODUCTION 


Explosive  forming  is  best  described  as  a 
process  in  which  metal  parts  are  formed  by  the 
high  pressures  resulting  from  the  detonation  of 
chemical  explosives.  During  the  course  of  devel¬ 
opment  of  new  forming  methods  a  number  of  high- 
energy-rate  techniques  have  been  categorized  as 
explosive  forming.  These  methods  have  included 
the  use  of  chemical  low  and  high  explosives, 
pneumatic  systems,  electrical  discharge  systems, 
and  magnetic  devices.  In  this  summary,  how¬ 
ever,  explosive  forming  will  be  defined  as  that 
relating  to  chemical  high  explosives  since  this 
approach  has  been  perhaps  the  most  widely  inves¬ 
tigated  and  applied. 


Interest  in  this  forming  method  was  ini¬ 
tiated  around  the  turn  of  the  nineteenth  century 
when  it  was  noted  that  the  energy  released  from 
an  explosive  charge  could  be  used  for  deforming 
metals  into  a  useftil  shape.  Some  of  the  earliest 
English  patents  on  this  subject  concerned  the 
explosive  expanding  of  tubing  in  attachment  fit¬ 
tings  to  fabricate  bicycle  frames. (U*  Gun- 
emplacement  shields  were  explosively  formed  by 
the  French  prior  to  World  War  IL  In  the  United 
States,  explosive  forming  of  sheet  metal  was  de¬ 
scribed  in  a  patent  issued  in  1909.  After  the 
initial  interest  as  evidenced  by  fhe  patent  litera¬ 
ture  little  advance  was  made  in  explosive  forming 
until  more  recent  years.  A  more  recent  United 
States  patent  describes  the  ranges  of  operating 
conditions  in  more  detail  in  terms  of  process 
parameter  and  is  presently  considered  one  of  the 
noore  important  patents  in  this  area.  In  parti¬ 
cular,  the  high-alloy  materials  and  aerospace 
metals  prompted  a  reevaluation  of  nonconventional 
forming  method?.  As  a  result  the  Air  Force  ini¬ 
tiated  a  comprehensive  study  of  explosive-forming 
principles  in  19^7.  Further  studies  in  this  area 
have  beeu  sponsored  by  the  Air  Force,  Army, 
Navy,  and  NASA. 


Along  with  other  recent  interests  in  explo¬ 
sive  forming,  its  use  as  a  production  tool  has  been 
established.  The  Moore  Company  of  Marcelene, 
Missouri,  has  produced  Monel  metal  fan  hubs  by 
•Jus  technique  since  1  95C,  and  currently  uses  the 
piTocess  for  small- quantity  production  lots  of 
large  fan  hubs.  Similarly  other  firms  have 
^lefetencet  «.'e  given  on  page  SI. 


accomplished  production  forming  of  wheel  covers 
and  tank  ends.  These  products  represent  short- 
run  specialty  items.  Of  particular  advantage  in 
these  short-run  applications  are  the  short  lead 
times  required  and  minimum  eiqienditures  for 
tooling. 

Although  a  considerable  amount  of  effort 
has  been  expended  in  the  development  of  explo¬ 
sive  forming,  the  process  hns  not  been  widely 
accepted  for  commercial  manufacturing.  Most 
companies  do  not  have  an  area  available  where 
explosives  can  be  handled.  To  maintain  such  an 
isolated  area  may  increase  shipping  costs  and 
offset  potential  economic  advantages  of  the  pro¬ 
cess.  In  many  cases,  large-quantity  production 
of  parts  are  involved  which  can  also  be  fabricated 
by  existing  conventional  equipment,  and  the  re¬ 
placement  of  such  eqmpment  is  not  economically 
desirable  until  it  becon'.es  obsolete.  Therefore, 
current  applications  have  been  concerned  with 
those  items  which  are  difficult  to  fabricate  with 
conventional  equipment. 

The  purpose  of  this  summary  is  to  present 
a  review  of  the  status  of  explosive  forming  with 
chemical  high  explosives.  Available  information, 
as  obtained  through  the  open  literature  and  dis¬ 
cussions  with  firms  active  in  this  area,  serves 
as  a  basis  for  this  review.  The  general  aspects 
of  explosives  and  their  application  to  explosive 
metalworking  have  been  well  sunuxmrized  in  the 
recent  work  of  Pearson  and  Rhinehart.  Ad¬ 
mittedly  further  inf&rmation  exists  but  is  con¬ 
sidered  proprietary  hy  the  individual  firms.  To 
provide  a  wide  scope  and  maximum  usefulness  of 
this  summary,  information  ranging  from  the 
characteristics  of  various  chemical  explosives  to 
the  properties  of  explosively  formed  materials 
has  been  included. 


EXPLOSIVES  AND  THEIR 
CHARACTERISTICS 

There  are  noany  types  of  explosives  avail¬ 
able  which  might  be  c'vnridered  for  explfjrive- 
forming  operations.  Both  commercial  and 
military  types  have  been  used.  Military  types 
have  been  limited  to  companies  which  have 
Government  contracts  and  to  companies  which 
have  managed  to  obtain  limited  amounts  on 
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a  Government  surplus  basis.  Although  both  types 
have  been  shown  to  answer  the  requirements  nf  a 
wide  range  of  explosive-forming  operations,  the 
availability  of  the  military  types  is  not  as  good  as 
that  of  the  commercial  types.  On  the  other  hand, 
it  is  highly  desirable  to  minimize  to  the  greatest 
possible  extent  the  variety  of  commercial  explo¬ 
sives  employed  because  the  cost  per  pound  of 
cotnmercial  explosives  is  closely  related  to  vol¬ 
ume  purchased  per  order  of  each  type  and  form. 
Most  types  of  explosives  do  not  have  unlimited 
shelf  life  and  the  destruction  of  deteriorated 
explosives  is  expensive. 

In  selecting  explosives  it  is  well  to  keep  in 
mind  handling  and  storage  characteristics.  Sen¬ 
sitivity  to  shock  and  heat,  tendency  to  be  hygro¬ 
scopic,  and  effect  of  storage  time  and  conditions 
on  homogeneity,  as  well  as  the  more  obvious 
characteristics  of  behavior  upon  detonation  and 
suitability  of  physical  form  should  be  considered. 
Although  consideration  of  the  cost  of  explosives 
can  be  important  under  some  circumstances,  in 
many,  if  not  most,  instances  the  explosive  cost 
is  but  a  small  fraction  of  the  total  expense  of  the 
operation. 

In  the  discussions  which  follow,  low  explo¬ 
sives  and  primary  high  explosives  are  not  in¬ 
cluded  because  these  materials  are  of  very 
limited  interest  in  explosive-forming  operations. 
Those  intei'ested  in  low  explosives  and  primary 
high  explosives  will  find  comprehensive  discus¬ 
sions  on  these  subjects  in  References  7  and  8. 

Characteristics  of  Some  Secondary 
High  Explosives 

The  general  characteristics  of  a  number  of 
conomonly  used  and  representative  explosives  are 
given  in  Tables  1  and  2.  Among  the  properties 

TABLE  1.  CHARACTER 


TABLE  Z.  COMPOSITIONS  AND  CHARACTERISTICS  OF 
oynamites(7.  •) 


Strugtli.  of  Pyn««Btt>.  pT 
20  Ki  40  50  So  iW 


Stratfkt  DrauBiteA 


Nieroglycsrin 

20.2 

29.0 

39.0 

49.0 

56.8 

Sodium  Nitrate 

59.3 

53.3 

45.5 

34.4 

22.6 

Carbonaceous  Fuel 

15.4 

13.7 

13.8 

14.6 

18.2 

Sulfur 

2.9 

2.0 

Antacid 

1.3 

1.0 

0.8 

1.  I 

1.2 

Moisture 

0.9 

1.0 

0.9 

0.9 

1.2 

Rate  of  Detonatitin,  ft/eac 

14, TOO  17,000  19,400 

TNT  Equivalent  (BnUistic 

94.  5%  102.  5% 

114% 

Pendulum  Test) 

Ammonia  Oynmnites 

Nitroglycerin 

12.0 

12.6 

16.5 

16.7 

22.5 

Sodium  Nitrate 

57.3 

46.2 

37.5 

25. . 

22.5 

Ammonium  Nitrate 

ll.S 

25.  1 

31.4 

43.  1 

50.3 

Carbonaceous  Fuel 

10.2 

8.8 

9.2 

I  .0 

8.6 

Sulfar 

6.7 

5.4 

3.6 

3.4 

1.6 

Antacid 

1.2 

1.  1 

1.  1 

0.8 

1.  1 

Moisture 

O.S 

o.a 

0.7 

0.9 

0,7 

Rate  of  Detonation,  ft/eec 

8,900 

10,800  12,809  15,200 

TNT  Equivalent  (Balletic 

81% 

91% 

99% 

109% 

Pendulum  Test) 

Gelatin  Dynamites 

Nitroglycerin 

20.2 

25.4 

32,0 

40. 1 

49.6  ' 

Sodium  Nitrate 

60.3 

56.4 

51.8 

45.6 

38.9 

Nitrocellnlnse 

0.4 

0.5 

0.7 

0.8 

1.2 

Carbonaceous  Fuel 

8. 5 

9.4 

11,2 

10.0 

8.3 

Sulfur 

8.2 

6. 1 

2,2 

1.3 

Antacid 

1.5 

1.2 

1.2 

1.2 

1.1 

Moietura 

0.9 

1.0 

0.9 

1.0 

0,9 

Kate  of  Deconaiiott,  ft/eec 

13,  100  15,  iOO 

17,000 

18,400  20,200 

1  NT  Eqnivaleid  (BaUistic 

74% 

79% 

84,5% 

90.5% 

99% 

Pendulum  Teet) 

Ammonia  Gelatin  Dynamites 

Nitroglycerin 

22.9 

26.2 

29.® 

35.3 

Sodium  Nitmtc 

54.9 

49.6 

32.0 

33.5 

Ammonium  Nitrate 

4.2 

8.0 

13.0 

20.1 

Nitrocelluloee 

0.3 

0.4 

0.4 

0.7 

Carbonaceoua  Fuel 

8.3 

6.0 

8.0 

7.9 

SuUnr 

7.2 

5.6 

5.4 

Antacid 

0.7 

0.8 

0.7 

0.8 

Moietura 

1.5 

1.4 

1.6 

1.7 

Rate  of  Detonation,  ft/sec 

14,500  16,000  1/.400  It.  700 

TNT  Equivalent  (Bnllietic 

83% 

38% 

52% 

97.5% 

Pciadalims  Taat) 


(•}  This  ascO  to  ts«»n  the  percentage  of  nitroglycerin  praeent.  It  now 
only  iaOicatef  tho  relative  strength  of  the  dynamite  within  specific 
types. 

:S  OF  EXPLOSIVES<^. 


Kelafive 
Power  From 
L-cad- 
Block  Teat 

Exploaive  (%  ThfT) 

Velhcd  of 
Charge 
FreparnUci. 

Detonation 

Vtlocity, 

U/aec 

Storage 

Life 

Detonator 

Safety  Risk 

S-ns'tlvity 
to  Intpact 
{Z-Kg  WeigH), 
PA  AAPi*), 

iOe 

Source  Fr-.m 
Which  Explosive 
in  Available 

Tjqr 

100 

Ci.,t 

22,600 

Medium 

Special 

Fumes  toxic 

14 

U.S.  Government 

PFTK 

170 

Prsaaci^^^ 

27,200 

Lxcellent 

No.  6 

Inter(.af  toxic 

6 

U.S.  Government 

RDX 

170 

PreaasdC^) 

27,  400 

Very  good 

No.  6 

Nontoxic 

8 

U.S.  Government 

Tetryl 

129 

Prsaadd^^J 

25,750 

Excellent 

Special 

Toxic  to  akin 

8 

U.S.  Government 

Aa  'Fuel  Oil 

— 

Loose  mix 

1 1,  OiO 

Good 

•special 

Toxic  fumes 

— 

Du  Pont 

Comp  B 

130 

Cast 

25,  600 

Good 

Special 

Toxic  fumes 

13 

U.S.  Governcaent 

Comp  C-3 

115 

Hand  ahApcd 

75, 000 

Fair 

No.  6 

Slightly  toxic 

14 

U.S.  Goveruijtent 

C->mp  C-4 

i.',o(cJ 

Han'/  shaped 

26.400 

Good 

No.  6 

Nontoxic 

19 

U.S.  Government 

I>et8Biteet  A^) 

Cut  to  shape 

23'60(H- 

Good 

Special 

Internal  toxic 

0.  22<e) 

SZetaabeet 

Cut  to  sha^ 

23,000 

Very  jrood 

Special 

Internal  tox'.r 

54f<«) 

Du  Pont 

MFX 

Prteaed-^' 

22,(»5H) 

No.  6 

Hercules 

MFXP 

Hand  abrped 

21,740 

N3.  8 

Hereolca 

AEREX  Uqosd 

Liquid  me%a<tre 

21,000 

No-  8 

Aerojet 

AEREX  ao!<d 

Hand  shaped 

No.  8 

Aerojel 

(s)  Plcatiany  Araergl  teat  apyaratas.  (b)  I>..-pends  on  density  (c)  Estimated,  no  da? :  avaiXable. 

(d)  Available  in  a  ranige  of  Uiickneatea,  ;el  h-kg  drop  teat. 
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included  in  Table  1  are  relative  power  and  sensi- 

_  tivity.  Actually  there  are  a  number  of  more  or- 

less  standard  test  methods  which  are  used  for  the 
ITT  determination  of  each  of  these  properties.  For 

the  most  part,  data  generated  by  the  various  test 
methods  are  in  general  agreement  in  terms  of 
the  relative  power  or  relative  sensitivity  of  the 
various  explosives.  The  values  reported  in 
Table  1  for  these  properties  were  selected  be¬ 
cause  it  was  felt  that  the  test  methods  utilized  in 
obtaining  them  best  reflected  the  conditions  of 
interest  in  explosive  forming.  The  details  of  the 
various  test  methods  and  the  values  for  the  test 
methods  not  reported  in  Table  1  can  be  found  in 
the  References  7  and  8. 

TNT  (Trinitrotoluene )(^) 

This  is  a  military  explosive  and  is  used  as 
a  standard  (with  a  rating  of  1.00)  in  measuring  the 
j  ^  power  of  other  explosives.  It  has  a  detonation 

rate  of  22,600  fps.  It  is  relatively  insensitive  to 
shock  although  it  may  sometimes  be  detonated  by 
a  rifle  bullet.  It  is  only  very  slightly  soluble  in 
B.9  water  and  can  be  used  for  underwater  work  with- 

out  a  moistureproof  wrapping.  This  explosive 
should  not  be  used  in  closed  spaces,  because  its 
detonation  produces  poisonous  gases.  TNT  can 
be  initiated  with  a  Number  S  blasting  cap,  al¬ 
though  the  presence  of  moisture  reduces  the  sen¬ 
sitivity  of  TNT  and  a  cap  more  powerful  than  a 
Number  8  will  greatly  increase  the  reliability  of 
initiation. 


Tetryl  (Trinitrophenyl- 
methylnitramine)^^^ 

Tetryl  is  a  more  sensitive  explosive  than 
TNT  and  as  such  is  primarily  used  as  a  booster 
(  charge  for  the  initiation  of  less  sensitive  explo- 
!  si«es.  V-  is  a  military  explosive  and  is  not  avail- 
j  able  commerrially.  The  explosive  is  used  in  a 
1  pressed  pellet  form  ana  its  density  dspende  on  the 
1  pressure  at  which  it  was  pressed.  The  pressure 
!  of  compaction  also  determines  the  detonation 
I  velocity  of  the  explosive;  the  velocity  is  gr-ater 
;  for  higher  compacting  pressures.  The  explosive 
I  is  very  olightly  soluble  in  water  at  room  tempera¬ 
ture  and  is  hygroscopic  to  the  extent  of  only  0. 04 
per  cent  in  a  per  cent  humidity  at  30  C.  The 
sensitivity  of  tetryl  to  shock  and  friction  has  not 
been  found  stifficient  to  necessitate  packing  in  a 
wet  condition,  a$  is  required  with  pure  PETN  or 
RDX.  The  equivalent  power  of  tetryl  is  about  129 
per  cent  of  TNT,  depending  on  the  density  of  the 
loading.  The  storage  life  of  this  srplosive  is 
excellent.  "Tetryl  has  a  strong  coloring  action 
on  the  human  skin  and  can  cause  a  dermatitis. 

The  use  of  a  cold  cream  containing  10  per  cent 
sodium  perboxate  has  beer,  found  to  minimize 
these  effects.  Inhalation  '>f  tetryl  dust  has  recog¬ 
nized  toxic  effects,  and  the  suggested  permissible 


maximum  concentration  of  the  dust  in  air  is  1,5 
tuilligrams  per  cubit  meter,  "{f) 


RDX  (Cyclotrimethylene- 

trinitramine)(7) 

Pure  RDX  melts  at  204.  1  C  and  has  a 
crystal  density  of  1.  816.  It  may  be  cast  or 
pressed  to  obtain  higher  densities.  Although  this 
is  primarily  a  military  explosive  it  is  used  in 
combination  with  a  number  of  other  explosives  or 
binders  in  commercial  forms.  Some  types  of 
detonatiikg  fuses  are  loaded  with  this  explosive. 
RDX  is  slightly  soluble  in  water  and  is  non- 
hygrosccpic.  Its  sensitivity  to  detonation  is 
decreased  when  wet  so  it  is  shipped  wet  in  the 
pure  state.  The  equivalent  explosive  power  of 
RDX  is  about  170  per  cent  of  TNT  but  will  vary 
depending  on  its  oensity  of  loading.  It  has  a 
detonation  velocity  of  approximately  27,400 
ft/ sec. 


RDX  doe  s  not  appear  to  be  markedly  toxic , 
and  cleanliness  is  the  only  precaution 
prescribed. 

PETN  (Pentaerythrite 
Tetranitrate  )(^) 

Pure  PETN  melts  at  141. 3  C  and  the  crys¬ 
tals  have  a  density  of  1.765  grams/cc.  The 
explosive  is  very  slightly  soluble  in  water  and  is 
nonhygroscopic  although  wetting  the  explosive 
will  tend  to  desensitize  it.  PETN  is  primarily  a 
military  explosive  used  in  combination  with  other 
explosives.  Special  loadings  of  PETN  aie  found 
commercially  in  sheet  explosive  and  in  detonating 
fuse.  This  explosive  has  an  equivalent  power  of 
170  per  cent  of  TNT.  It  has  an  excellent  storage 
life  but  should  be  kept  dry  for  most  consistent 
results.  It  has  a  detonation  velocity  of  27,200 
ft/sec. 


PETN  is  not  unduly  toxcic,  sine-  it  is  nearly 
insoluble  in  water.  &nall  doses  of  PETN  taken 
internally  cause  a  decrease  in  blood  pressure  and 
larger  doses  cai'.se  dyspnea  and  convulsions. 

Nitrostarch,  Nitrocellulose, 

Guncotton^?) 

These  are  all  similar  explosives  and  are 
used  primarily  in  mixtures  with  other  explosives. 
Some  dynamites  contain  nitrocellulose  but  its 
primary  use  is  in  the  preparation  of  propellants 
for  the  military  and  in  the  preparation  of  small- 
arms  anununition  or  smokeless  powders,  it  has 
not  been  used  by  itself  as  an  explosive  in 
explosive-forming  operations.  The  explosive  is 
somewhat  hygroscopic  and  absorbs  moisture  up  to 
3  per  cent.  The  absorption  of  moisture  will 
change  the  properties  of  the  explosive  and  make 
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ii  unpieuictabie ;  this  is  the  primary  reason  for 
its  limited  use  as  an  explosive.  The  dry  explo¬ 
sive  is  very  sensitive  to  impact,  friction,  heat, 
and  spark.  It  is  never  hanrTed  dry  in  bulk  for 
this  reason.  The  rate  of  detonation  is  24,000 
ft/sec  and  it  has  very  poor  storage  characteris¬ 
tics.  The  characteristics  of  this  explosive  make 
it  unsuitable  for  use  by  itself  as  an  explosive¬ 
forming  energy  source. 

NG,  Nitroglycerin! 

Nitroglycerin  is  the  primary  explosive  in  a 
number  of  dynamites.  In  its  pure  state  it  is  a 
colorless  liquid  and  extremely  sensitive  to  im¬ 
pact.  It  has  no  application  in  its  pu:o  state  in  an 
explosive -forming  operation  due  to  the  extreme 
care  required  in  handling  it.  This  explosive  has 
a  detonation  rate  of  25,200  ft/sec  when  properly 
initiated.  It  has  an  explosive  power  of  185  per 
cent  of  TNT.  The  explosive  is  stable  at  room 
temperatures  and  has  a  low  solubility  in  water. 

It  will  not  cause  corrosion  of  metals  with  which  it 
may  come  in  contact.  Any  contamination  in  the 
explosive  may  cause  rapid  decomposition. 

"Nitroglycerin  is  readily  absorbed  through 
the  skin  into  the  circulatory  system  of  the  human 
body  and  vapors  inhaled  are  absorbed  by  the 
blood.  The  effect  is  a  severe  and  persistent 
headache,  from  which  some  relief  can  be  obtained 
with  strong  black  coffee  or  caffein  citrate. 

Workers  in  constant  contact  with  nitroglycerin 
usually  develop  an  immunity  that  can  be  main¬ 
tained  only  by  almost  daily  contact,  The 

toxicity  of  nitroglycerin  does  not  cause  organic 
deterioration  even  with  long-time  exposures.  All 
explosive  compositions  which  contain  nitroglycerin 
will  cause  the  headaches  mentioned  above. 

Composition  b( ^ ) 

This  is  strictly  a  military  explosive  and  is 
not  available  commercially.  It  is  composed  of 
55.  2  per  cent  RDX,  40  per  cent  TNT,  1.2  per  cent 
polyisoluctylene ,  and  0.6  per  cent  wax.  It  is 
normally  used  in  the  cast  state  as  a  eutectic  mix¬ 
ture  which  freezes  at  79  C  The  solid  Composi¬ 
tion  B  is  slightly  more  sensitive  than  TNT  but  less 
than  RDX  in  impact.  The  power  of  this  explosive 
is  l30  per  cent  as  great  as  TNT.  The  detonation 
velocity  of  the  cast  explosive  is  25,600  ft/sec. 
Several  variations  of  this  explosive  are  used  in 
the  military  which  have  slightly  different  impact 
sensitivity  and  equivalent  power.  The  explosive 
is  practically  nonhygroscopic  and  it  is  very  stable 
in  long-time  storage  at  moderate  temperatures. 
The  main  advantage  in  using  Composition  B  is  the 
ability  to  cast  charges  to  shape  and  size  providing 
the  equipment  is  available  for  melting  and  handling 
it.  Some  of-  this  explosive  has  been  used  in 
expiosive-formi:ig  operations  although  its  use  has 


been  very  limited  due  to  special  requirements 
for  charge-preparation  equipment  and  the  fact 
that  it  is  not  available  commercially. 

Compositions  C-3  and  C-4^^^ 

These  are  plastic  explosives  which  may  be 
molded  by  hand  to  the  desired  shape,  C-4  is 
only  available  frotn  the  military;  however, 
limited  quantities  of  surplus  C-3  can  now  be  ob¬ 
tained  commercially.  The  C-3  explosive  is  a 
mixture  of  about  77  per  cent  RDX  and  23  per  cent 
explosive  platicizer,  containing  mononitrotoluene. 
It  is  a  yellowish  puttylike  solid  that  has  a  -Jen-sity 
of  1.  60  grams/cc.  It  is  much  less  sensitive  to 
impact  than  RDX  and  about  equal  in  sensitivity  to 
impact  as  TNT.  It  has  a  detonation  rate  of 
25,000  ft/sec  and  it  is  about  115  per  cent  as 
powerful  as  TNT.  It  is  slightly  hygroscopic  to 
the  extent  of  2.  4  per  cent  but  its  power  is  unaf¬ 
fected  by  immersion  in  water.  Composition  C-3 
is  not  unduly  toxic,  but  it  should  be  handled  in  a 
similar  manner  to  tetryl. 

Composition  C-4  is  less  sensitive  to  impact 
than  the  C-3  but  can  still  be  initiated  with  a  No.  8 
blasting  cap.  It  has  a  detonation  rate  of  26,400 
ft/sec  and  has  a  TNT  power  equivalent  of  about 
120  per  cent.  It  has  a  better  storage  life  than 
C-3  and  is  nonhygroscopic.  It  is  also  nontoxic  so 
that  no  special  precautions  need  be  used  in 
handling  it.  C-3  and  C-4  have  been  used  in 
explosive-forming  operations  and  are  well  suited 
to  thi.s  purpose  because  they  can  be  readily 
shaped  by  hand  to  any  configuration  and  size  of 
charge. 

Dvnamites(^) 

The  straight  dynamites  are  mixtures  of 
nitroglycerin  and  some  inert  agent  such  as  wood 
pulp.  Some  contain  sodium  nitrate  and  others 
contain  ammonium  nitrate.  Some  dynamites  have 
the  nitroglycerin  replaced  with  nitrostarch  to  re¬ 
move  some  of  the  objectionable  q-aalities  of  the 
straight  dynamites.  Blasting  gelatins  are  ob¬ 
tained  by  colloiding  nitrocellulose  with  nitrogly¬ 
cerin  which  makes  the  mixture  waterproof.  The 
co.st  of  glycerin  and  the  tendency  of  nitroglycerin 
to  freeze  av  some  atmospheric  temperatures 
prompted  the  partial  replacement  of  nitroglycerin 
by  nitrated  diglycerin,  sugars,  and  glycols. 
Antacid  materials,  such  as  calcium  carbonate  or 
zinc  oxide,  have  been  added  to  most  dynamite 
compositior.a  to  neutralize  any  acidity  developed 
during  storage. 

Most  of  the  commercial  dynamites  are 
described  by  strength  designations  on  a  percentage 
basis.  This  used  to  mean  the  percentage  of  nitro¬ 
glycerin  present.  It  now  only  indicates  the  rela¬ 
tive  strength  of  the  dynamite  within  specific  types. 
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Characteristics  of  the  various  dynamites  have 
been  given  in  Table  2.  Use  of  this  table  requires 
knowledge  of  the  compositions  of  the  dynamites 
available  commercially  from  the  manufacturers. 

The  use  of  dynamites  for  explosive- forming 
operations  is  not  recommended  because  their 
instability  in  storage  tends  to  preclude  reproduci¬ 
bility.  All  dynamites  tei  d  to  exude  nitroglycerin 
when  stored  for  6  months  or  moxe  and  become 
soft.  The  niti’oglycerin  which  is  exuded  makes 
the  dynamites  very  sensitive  to  impact  and  toxic 
to  handle.  Although  some  companies  have  used 
dynamites  in  explosive-forming  operations  by  re¬ 
packing  to  the  size  and  shape  required,  this  prac¬ 
tice  can  not  be  justified  as  a  general  practice. 

Detasheet  A  and  C  (£L- 506)1^) 

Datasheet  is  essentially  (PETN)  explosive 
combined  with  other  ingredients  to  form  a  tough 
flexible  sheet  which  is  supplied  in  the  convenient 
size  of  10  by  20-inch  sheets.  It  is  available  from 
Du  Pont.  Several  different  compositions  ate 
available  although  the  C  series  is  preferred  due 
to  its  greater  flexibility  and  long  shelf  life  before 
drying  out  and  becoming  brittle.  This  explosive 
is  waterproof  and  can  be  used  as  direct  contact 
charges  or  can  be  cut  and  shaped  to  the  desired 
charge  size  for  standoff  operations.  Various 
thicknesses  of  sheet  are  available  with  loadings 
up  from  1/2  gram/in^  in  the  C  series.  Various 
layers  of  the  sheet  may  be  placed  together  to 
build  up  to  the  charge  size  required.  This  explo¬ 
sive  should  be  initiated  only  with  special  high- 
powered  caps  since  it  is  rather  insensitive.  This 
becomes  even  more  critical  as  the  thickness  of 
the  sheet  explosive  is  reduced.  The  explosive 
may  be  glued  onto  a  backup  material  for  charge 
shaping  if  desired.  A  good  all-purpose  adhesive 
which  may  be  used  is  Minnesota  Mining  and 
Manufacturing  Company  Adhesive  CTA-il  (thinned 
with  naphtha).  This  explosive  is  one  of  the  safest 
on  the  market  commercially,  but  the  cost  is  still 
rather  high  due  to  the  limited  quantity  produced. 

It  was  developed  and  mainly  used  for  of>e rations  in 
the  explosive-forming  and  -hardening  field.  It 
has  a  detonation  velocity  of  23,600  ft/sec  for  Type 
A  and  23,000  f\/sec  for  Type  C.  The  thicker  the 
sheet  the  higher  the  detonation  velocity.  Type  C 
has  recently  been  given  a  military  designation  and 
with  increased  production,  its  price  can  be  ex¬ 
pected  to  become  more  reasonable. 

A  special  shape  of  this  explosive  is  available 
as  a  line-wave  generator  and  consists  of  a  trian¬ 
gular-shape  sheet  which  has  been  perforated  in 
such  a  manner  that  Initiation  at  any  one  apex  of  the 
triangle  generates  a  line  wave  at  the  opposite  side 
of  the  triangle.  The  sheets  can  be  obtained  in 
thicknesses  of  0.  050  and  0.  168  inch.  Since 
the  explosive  is  flexible  the  line-wave  generator 


should  only  be  considered  for  applications  in 
which  it  is  essential  tnat  an  explosive  charge  be 
initiated  simultaneously  across  a  long  sec. ion. 

The  explosive  is  also  available  in  standard  cord 
and  ribbon  geometries.  Other  extruded  shapes 
are  available  on  special  order. 

MFXP  Explosive^  ^  ^  J 

This  is  a  putty  type  of  explosive  which  can 
be  hand  molded  to  shape.  It  is  available  from 
Hercules  Powder  Company.  The  explosive  re¬ 
quires  a  No.  8  cap  for  consistent  detonation  and 
has  a  detonation  velocity  of  21,000  ft/ sec. 

MFX  Explosivet  ^  ^ 

This  is  the  designation  applied  to  pressed 
charges  made  to  order  by  Hercules  Powder 
Company.  They  are  available  in  various  sizes 
(cylindrical  in  shape  with  a  well  to  receive  a 
blasting  cap).  The  explosives  may  be  '’etonated 
with  a  No.  6  blasting  cap. 

Aerex  Liquid  Explosive 

Another  specialty  explosive  made  specifi¬ 
cally  for  explosive-forming  operations  is  Aerex 
liquid  explofive  made  by  the  Aerojet-General 
Corporation.  The  unique  feature  of  this  explosive 
is  that  it  is  stored  as  two  separate  liquids, 
neither  of  which  is  explosive  by  itself.  The 
explosive  charge  is  prepared  by  mixing  the  two 
liquids  in  the  proper  proportions.  Since  it  is 
liquid,  shaping  of  the  explosive  charge  is  no 
problem,  as  it  will  take  the  shape  of  the  con¬ 
tainer.  Plastic  or  glass  containers  may  be  used. 
It  has  a  detonation  velocity  of  20,000  to  22,000 
ft/sec  and  ..as  about  80%  of  the  power  of  TNT.  It 
is  sold  in  'inimum  quantities  of  5  gallons  and  it 
is  one  of  the  less  expensive  explosives.  A  solid 
Aerex  explosive  is  also  now  available.  It  consists 
mainly  of  the  liquid  explosive  with  the  addition  of 
ammonium  nitx'ate  to  obtain  a  solid.  The  solid 
Aerex  explosive  is  slightly  less  powerful  than  the 
liquid. 

Detonating  Fuset^^) 

Most  people  in  the  explosive  industry  now 
call  detonating  fuse  by  the  trade  name  Primacord. 
It  was  originally  developed  for  initiation  of  mul¬ 
tiple  charges  of  explosives  by  using  only  one  cap. 
Its  versatility  because  of  ease  of  hand  shaping  the 
desired  charge  has  resulted  in  its  extensive  use 
in  explosive-forming  operations.  Primacord  con¬ 
sists  of  a  small  filament  of  an  explosive  material, 
normally  PETN  or  ROX,  and  a  protective  coating 
of  plastic  or  some  water-repellent  material.  The 
explosive  is  sensitive  to  water  and  the  ends  should 
be  protected  when  underwater  operations  are  con¬ 
templated.  A  roll  of  Primacord  held  in  storage 
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for  some  time  may  become  damp  near  the  ends. 

In  starting  a  new  operation  it  is  best  to  cut  at 
least  6  inches  off  the  end  of  the  roll  to  be  assured 
of  consistent  quality  in  the  explosive.  Failure  to 
take  this  precaution  or  to  seal  the  ends  from 
water  when  immersed  may  result  in  misfires, 
especially  if  a  No.  6  cap  is  used. 

Mild  detonating  fuse  (MDF)  is  a  line  explo¬ 
sive  available  in  charge  loadings  between  20  and 
1  grain  per  foot,  in  order  to  obtain  consistent 
deton.ation  with  am  explosive  charge  this  small,  it 
is  necessary  to  encase  the  explosive  in  a  metallic 
shield.  L.ead  is  normally  used  for  the  shielding 
material.  Although  MDF  was  developed  specifi¬ 
cally  for  aircraft  armaunent  work,  it  has  been 
used  extensively  in  explosive-forming  operations 
where  a  very  smadl  charge  is  required.  The 
bulging  of  smadl-diauneter  tubing  is  one  example 
of  thj.s  application. 

Most  of  the  Primacords  available  may  be 
cut  to  length  with  a  knife.  They  should  not  be  cut 
with  pliers  since  a  buildup  of  the  explosive  may 
occur  in  the  joints  of  the  pliers  and  cause  an 
accident  at  a  later  time.  End  priming  should  be 
used  for  the  smaller  Primacords  while  parallel 
priming  may  be  satisfactory  with  the  larger  load¬ 
ings  above  100  grains/ft.  Primacord  may  also  be 
used  for  connecting  separated  charges  or  may  be 
used  as  the  charge  itself. 

Specific  information  on  the  various  types  of 
detonating  fuse  available  commercially  are  given 
in  Table  3.  Different  types  of  detonating  fuse  with 


tabu;  3.  DCTOKATWC  FU5E<>^) 


Expletive 

Detonetton 

Tr*4« 

Lotdlag, 

Velocity, 

Imtiatioa 

Olaaaeter, 

grxiat/ft 

Coating 

fl/ecc 

Cap  SUc  No. 

in. 

DeUcord 

40 

Cotton 

20,600 

6 

0.  175 

PETN  Na.  30 

30 

20,600 

8 

0.  ISS 

PETNNc.  40 

40 

Polycthylcoe 

20,800 

6 

0.180 

PETN  No.  SO 

SO 

20,600 

6 

0.196 

PETN  No.  SO 

SO 

Heinforced 

20, 600 

6 

0.  202 

PETN  No.  SO 

SO 

rustic 

20,  800 

6 

0. 200 

PETN  No.  frOHV 

60 

Polyctbyleoe 

22, 600 

6 

0.  200 

PETN  No.  60 

60 

PUatic  wire 

20, 800 

6 

0.  238 

PETN  No.  100 

100 

Polyethylene 

20, 800 

6 

0. 242 

PETN  No.  ISO 

ISO 

Polyethylene 

20, 800 

6 

0.  26S 

PETN  No.  175 

17S 

Polyethylene 

20,800 

6 

0.  305 

PETN  No.  200 

200 

Polyethylene 

20,800 

6 

0. 325 

1>ETNN3.  400 

400 

Polyethylene 

20, 600 

6 

0.426 

BOX  No.  70 

70 

Vinyl 

20, SOO 

8 

0. 197 

BOX  No.  SOO 

100 

Vinyl 

20, 600 

• 

0. 236 

Mild  Detonatinc  Fuae 

MOP  Typo  A- 1 

PETN,  1 

Mcul 

21,000 

8 

0.040 

gram/fi 

PETN,  2 

Metal 

23,000 

8 

0. 040 

MOr  Type  A-2 

grain/ft 

PETNp  5 

Metal 

22, 000 

• 

0, 073 

MOr  Type  A- 5 

graia/ft 

MOr  Type  A- 10 

PETN,  10  M*Ul 

24,000 

• 

0.1  5 

(rain/ft 


Til*  tr«4e  namca  arc  for  Ou  Poat  cxpjocivca.  Similar 
tlctoaatiaf  fuac  aometimea  called  Primacord  ia  aold  by  other  eaploai're 
maoofactttrera. 


similar  loadings  may  be  available  in  different 
localities.  It  is  therefore  suggested  tiiat  the 
local  explosives  distributor  be  contacted  to  deter¬ 
mine  the  types  and  prices  of  explosives  a\  liable. 
Primacord  is  normally  sold  in  rolls. 

Detonators 

A  wide  variety  of  detonators  are  available 
which  can  be  utilized  in  an  explosive-forming 
operation.  The  selection  of  a  detonator  depends 
first  upon  the  requirements  of  the  explosive  to  be 
initiated  and  then  upon  secondary  characteristics 
of  the  detonator  itself  such  as  electric  or  non¬ 
electric  activation,  sensitivity  to  stray  currents. 

Selection  Based  on  Explosives 

Explosives  have  an  initiation  sensitivity 
which  requires  not  only  that  a  sufficient  force  be 
applied  but  that  the  application  be  sufficiently 
brisant  in  character  to  assure  detonation  of  the 
explosive.  It  is  p>ossible  to  use  less  powerful 
cape  on  the  less  sensitive  explosives  if  an  inter¬ 
mediate  booster  is  used  between  the  cap  and  the 
explosive.  Ueing  a  booster,  however,  is  nor¬ 
mally  undesirable  since  it  complicates  the  explo¬ 
sive  setup.  The  best  approach  appears  to  be  to 
select  a  cap  which  has  sufficient  power  for  the 
dir^'ct  initiation  of  the  e3q>losive.  A  Number  6 
cap,  one  of  the  least  powerful  caps  in  commercial 
use,  is  primarily  utilized  for  the  initiation  of 
dynamites  and  PETN  Priinacord.  A  Number  8 
cap  should  be  used  with  RDX  Primacord  and  most 
of  the  military  explosives.  For  the  detonation  of 
sheet  explosive,  special  caps  which  have  a  neavy 
charge  should  be  considered.  For  specific  cap¬ 
abilities  of  the  various  caps  in  common  use  in 
explosive-forming  operations  see  Table  4. 


TABLE  4.  OATA  ON  BLASTWC  CAPSO^.  >5) 


l>.loaetor 

Exploeive 

Loading.  No  Fire 
graina  Current 

Explosive  Uaed  With 

No.  6 

PETN 

4.9 

0.2« 

Dynamite  and  PETN  Primacord 

No.  6 

PETN 

6.9 

0.  26 

Dynamite  and  1U)X  Primacord 

E-63  eaglneeraU) 

PETN 

13.5 

0.21 

Sheet  explosive  TNT,  C>4 

E-7»l«> 

PETN 

13.5 

0.21 

Extra-etrength  application 

BDX 

7.0 

0.  30 

Crimp  end  for  Primacord 

E-44  EB**> 

PETN 

13.5 

0.  iO 

Shaet  explosive 

EBW-XBC-1<*»> 

PETN 

4.23 

Jcl 

Eipkivaient  to  No.  6  cap 

of  Dli  Post. 

(b)  Trodo  dosifsotioss  of  laSbrsoco^. 

(c)  Ho  firo  with  SOO  v  from  l-mlcrofarsd  cs^citor. 


Selection  Based  on  Function 

There  are  various  types  of  delay  caps  avail¬ 
able,  some  of  which  have  been  used  to  a  very 
limited  esetent  in  explosive-forming  operations. 
They  might  be  considered  where  a  delayed  initia¬ 
tion  at  various  points  is  desired.  Normally  the 


del&y  times  available  in  such  caps  are  too  short 
for  practical  applications  in  explosive  forming  due 
to  the  small  distance  over  which  the  charges  are 
separated. 

Another  aspect  which  might  be  considered 
when  selecting  blasting  caps  is  the  sensitivitv  of 
the  cap  to  stray  current.  Most  of  the  commercial 
caps  available  have  a  no- fire  current  of  0.  32  amp. 
Special  caps  with  higher  no-f.re  currents  can  be 
obtained  but  the  quantity  required  is  normally  not 
sufficient  to  obtain  a  competitive  price.  One 
technique  which  appears  to  be  workable  is  to  shield 
the  lead  wires  of  the  cap  with  a  grounded  metal 
sleeve  v/hen  the  caps  must  be  used  in  a  high-RF- 
radiation  area;  however,  it  is  best  not  to  attempt 
to  use  electric  caps  under  these  circumstances. 

A  number  of  companies  have  examined  the 
use  of  exploding-bridge  wire  systems  for  the 
direct  initiation  of  explosive,  thereby  eliminating 
the  need  for  the  blasting  cap.  One  company  has 
marketed  a  high-energy  detonation  system  based 
on  the  exploding-bridge  wire  concept  but  the  price 
ol  the  individual  units  far  exceeds  the  price  of 
conventional  caps.^^^)  If  the  demand  for  this  type 
of  detonator  increases,  it  is  possible  that  the  cost 
of  a  system  completely  safe  in  an  RF  field  would 
be  competitive.  A  number  of  companies  have  not 
waited  for  this  reduction  in  cost  and  have  devel¬ 
oped  their  own  high-energy- rate  detonation 
systems.  The  development  was  not  always  based 
on  the  need  for  a  safer  cap  but  in  moat  cases  de¬ 
veloped  through  a  requirement  for  line-front 
detonations  which  could  not  be  obtained  without  the 
use  of  an  explosive  line-wave  generator.  A  line 
initiation  from  an  exploding-bridge  wire  provides 
a  linear  detonation  front  without  the  use  of  auxil¬ 
iary  explosive  components  which  may  be  prohibi¬ 
tive  in  some  operations. 

Consistent  detonation  across  a  wide  front  of 
explosives  can  id  so  be  obtained  with  waveguide 
exrlosive  generators.  The  size  of  the  waveguides 
available  today  limits  the  application  to  approxi¬ 
mately  a  10-inch  front  length.  Exploding-bridge 
wires  offer  possibilities  for  extending  the  length  of 
front  which  could  be  detonated  successfully  and 
consistently  with  a  high- energy- rate  source.  Most 
of  the  setups  which  have  been  used  for  a  high- 
energy- rate  detonation  of  explosives  have  been 
limited  to  homemade  devices  since  none  is  avail- 
able  coname rcially  at  a  price  within  range  of  the 
blasting  caps. 

EXPLOSIVE-FORMING  TECHNIQUES 


ilhretrated  in  Figure  i  consists  of  a  die  com¬ 
pletely  enclosing  the  energy  source.  This  system 
has  been  used  with  propellant  charges  and  for 
some  small-diameter  tube  forming  and  piercing 
operations  with  high  explosives.  (^6)  The  closed 
system  has  distinct  advantages  for  the  forming  of 
thin  materials  to  close  tolerances  because  the 
sustained  pressure  tends  to  set  the  material  to 
the  die.  The  confined  system  with  explosive 
charges  has  been  used  for  some  close-tolerance 
sizing  operations  on  thin- wall  tubing.  However, 
limits  on  the  maximum  part  size  which  an  be 
produced,  die  erosion,  and  possible  hazards  of 
operation  have  been  prime  factors  limiting  its 
use.  As  part  size  is  increased  with  a  closed-die 
system,  the  thickness  >,£  the  die  wall  must  be 
increased  proportionately  and  a  point  of  un¬ 
economical  die  construction  is  reached  very 
quickly,  usually  at  around  2  inches  for  a  tubular 
section.  When  forming  a  part  with  a  shape  other 
than  tubular,  the  critical  size  will  be  reached  at 
an  even  smaller  size.  Deterioration  of  the  die 
cavity  is  common  with  closed-die  systems  as  a 
result  of  continued  gas  erosion.  In  addition,  die 
failure  in  a  closed-die  system  is  much  more 
likely  to  result  in  a  shrapnel  hazard  from  the 
fragmented  die  than  in  an  unconfined  system. 

Since  the  confined  system  has  had  limited  use 
up  to  now,  its  future  does  not  look  promising. 

This  report  deals  largely  with  the  unconfined 
system,  which  is  in  widespread  use. 


Preform 


FIGURE  1.  CONFINED  SYSTEM  OF 
EXPLOSIVE  FORMING<^) 


Systems 


Explosive- metalworking  operations  can  gen¬ 
erally  be  classified  as  either  coi^fined  or  uncou- 
fined  systems.  The  confined  or  closed  system  as 


Courtesy  of  Olin 
Mathieson  Chemical 
Corporation. 
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The  unconfined  system,  illustrated  by  Fig¬ 
ure  2,  consists  of  a  single  female  die  with  a  blank 
held  over  it  and  an  explosive  charge  suspended  at 
a  predetermined  position  over  the  blank.  The 
complete  assembly  may  be  immersed  in  a  water 
tank,  or  a  plastic  bag  filled  with  water  may  be 
placed  over  the  blank. 


FIGURE  2.  UNCONFINED  SYSTEM  OF 
EXPLOSIVE  F0RMING<5) 

Courtesy  of  Olin  Mathieson 
Chemical  Corporation. 

The  unconfined  system  is  inherently  inef¬ 
ficient  because  only  a  small  portion  of  the  total 
energy  released  from  the  explosive  is  used  in  the 
forming  operation.  With  explosive  forming  the 
explosive  force  acts  equally  in  all  directions, 
sending  out  shock  waves  radially  from  the  charge. 
Although  the  unconfined  system  may  be  inefficient 
in  the  utilization  of  energy,  it  has  other  advan¬ 
tages  which  make  it  economicaiUy  attractive. 

Tooling  for  explosive  forming  can  be  made 
simple,  with  a  reduction  in  cost  of  up  to  80  per 
cent  over  that  for  tooling  required  to  perform  the 
same  operation  by  conventional  techniques.  The 
tooling  is  simplified  since  only  the  female  mem¬ 
ber  of  a  die  set  is  required,  with  the  explosive 
shock  waves  acting  as  a  punch.  The  tooling  is 
loaded  in  compression  to  a  greater  extent  than  in 
tension.  Since  most  die  materials  can  sustain  a 
much  greater  load  in  compression  than  in  tension, 
lighter  dies  can  be  utilized.  The  cost  of  the 
explosive  is  normally  very  small  in  comparison 
with  die  costs,  so  that  an  economic  advantage  is 
generally  obtained  through  the  use  of  the  imcon- 
fined  system.  Simplicity  of  operation  also  con¬ 
tributes  to  the  economy  of  the  system. 


The  medium  within  which  the  explosive  is 
detonated  plays  an  important  part  in  determining 
the  efficiency  of  the  system.  As  the  density  of 
the  medium  increases,  the  efficiency  of  the 
system  increases.  This  can  be  readily  illus¬ 
trated  by  comparing  the  results  of  a  cup  test  in 
air  and  under  water  using  the  same  explosive 
charge  and  standoff  distance.  Under  these  cir¬ 
cumstances  the  underwater  test  will,  in  all 
cases,  draw  a  much  deeper  cup  and  may  even 
rupture  it. 

Under  normal  operating  conditions  it  is 
best  to  detonate  explosive  charges  as  far  below 
the  surface  of  the  water  ae  possible.  This  re¬ 
duces  the  amount  of  water  which  is  thrown  by  the 
explosion  and  the  amount  of  energy  lost  through 
venting  the  gas  bubble  to  the  atmosphere. 

Adequate  efficiency  is  obtained  provided  the  dis¬ 
tance  from  the  charge  to  the  surface  of  the  water 
is  at  least  twice  the  standoff  distance.  When  a 
charge  is  fired  under  water,  a  shock  wave 
moves  out  from  the  explosive  and  is  followed  by 
the  expansion  of  a  gas  bubble  from  the  detonating 
charge.  If  the  gas  bubble  vents  to  the  surface 
before  it  impinges  on  the  part  being  formed,  a 
considerable  amount  of  energy  will  be  lost.  With 
charges  sufficiently  deep  in  the  water,  several 
cycles  of  expansion  and  contraction  of  the  gas 
bubble  can  be  noted.  Each  time  a  bubble  ex¬ 
pands,  an  additional  pressure  pulse  is  trans¬ 
mitted  to  the  part  being  formed,  but  these  pulses 
are  not  severe  enough  to  require  consideration  in 
the  explosive-forming  process. 

The  variations  in  energy  level  delivered 
from  various  shapes  of  charges  are  small  when 
fired  in  a  water  medium,  providing  the  standoff 
distance  is  1  foot  or  more.  When  charges  are 
placed  closer  to  a  part,  within  1  or  2  inches, 
energy-transfer  mechanisms  from  the  explosive 
to  the  workpiece  change.  An  example  of  these 
effects  is  shown  in  Figure  3. 

In  standoff  operations  in  water  or  in  air, 
the  amount  of  energy  or  peak  pressure  delivered 
can  be  readily  calculated  from  standard  formulas. 
The  optimum  location  of  the  charges  for  forming 
of  most  parts  is  a  matter  of  diverse  opinions. 
However,  generally  speaking,  a  cylindrical 
charge  or  point  charge  is  located  near  the  center 
line  of  the  part  and  at  a  distance  from  the  part 
which  is  related  to  the  span  of  the  workpiece  over 
the  die  cavity.  This  can  vary  according  to  the 
shape  of  the  shock  wave  desired.  In  large  parts, 
it  is  generally  impractical  to  use  a  point-type 
charge.  In  forming  large  hemispheres  or  end 
closures  for  rocket  motors,  Primacord,  shaped 
in  a  large  loop  and  located  close  to  the  outer 
periphery  of  the  part,  is  usually  used. 
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FIGURE  3.  EFFECT  OF  STANDOFF  ON  CUP 

PR0IILE(32) 

Material  2024-0  aluminum; explo¬ 
sive  disk  EL)  506A;media  water. 

Many  producers  using  the  process  prefer 
to  have  a  smaller  number  of  charges,  if  possible, 
and,  if  at  all  practical,  to  use  a  single  charge. 
Others  have  found  that  the  use  of  small  cliarges 
and  a  number  of  shots  for  the  forming  of  one  part 
will  permit  the  use  of  lighter  dies  and  more 
consistent  control  of  the  process. 

Reflectors 


In  some  casei>.  the  use  of  reflectors  for 
explosive  charges  ha^  proved  to  be  very  helpful. 
Howe'.^er,  predicting  the  amount  of  peak  pressure 
obtainable  from  a  reflected  charge  is  rather  diffi¬ 
cult  at  the  present  state  of  the  process.  In  some 
cases,  the  amount  of  localized  work  has  been 
doubled  by  using  reflectors  over  certain  areas  of 
parts.  Reflectors  are  only  used  when  a  greater 
amount  of  energy  is  required,  as  in  certain  areas 
of  nonconcentric  parts.  In  the  forming  of  non- 
concentric  parts,  it  is  also  possible  to  locate 
charges  off-center  to  obtain  a  greater  amount  of 
force  in  the  areas  where  it  is  desired. 

Holding  the  Charge  in  Position 

Normally,  wire  or  masking  tape  is  used  to 
hold  the  charge  in  proper  position  relationship 
to  the  workpiece  while  it  is  immersed  in  the 
water.  The  only  requirement  on  such  holding 
devices  is  that  the  charge  be  maintained  in  its 
proper  location  and  not  displaced  by  water  flow¬ 
ing  in  and  around  the  charge  as  the  die  is  im¬ 
mersed  in  the  water  tank. 

Charge  Preparation 

Many  of  the  explosives  i:sed  in  explosive¬ 
forming  operations  must  be  modified  slightly 
from  the  commercial  form  in  which  they  are 


obtained.  The  amount  of  modification  which  is 
utilized  in  th*  •■vnlnsive-forminir  denends  on  the 

S'  --  —  A 

specific  type  of  charge  required.  The  use  of 
Primacord  is  quite  widespread  throughout  the 
industry  due  to  the  ease  of  handling  and  the 
varieties  of  loading  densities  available  conuner- 
cially.  Sheet  explosives  have  been  used  to  give 
plane  waves  over  larger  areas,  although  they 
have  limited  applications  in  sheet-metal  forming. 
The  flexibility  of  the  sheet  explosive  also  sim¬ 
plifies  charge  preparation.  Some  of  the  other 
types  of  explosives,  such  as  Composition  C-3  or 
C-4  plastic  explosives,  can  be  readily  molded  by 
hand  into  a  ball  or  other  type  of  shape.  Com¬ 
pacting  of  charges  from  powdered  explosives  on 
the  site  has  normally  been  avoided.  The  castable 
military  explosives  such  as  Composition  B  or 
TNT  have  not  been  used  to  any  great  extent  mainly 
due  to  the  requirement  for  special  facilities  for 
melting  and  casting  of  charges  from  these  explo¬ 
sives.  Some  of  the  commercial  explosives  such 
as  dynamite  have  been  rccompacted,  or  the  sticks 
of  dynamite  cut  to  give  the  size  of  charge  desired. 
Handling  of  dynamite  for  recompacting  is  gen¬ 
erally  avoided  due  to  the  possibility  of  assimila¬ 
tion  of  nitroglycerine  by  processing  personnel. 
Also,  commercial  dynamite,  in  storage,  tends  to 
segregate  and  when  the  individual  sticks  are 
broken  up,  it  is  very  difficult  to  obtain  reproduci¬ 
ble  charges. 

Connection  of  Blasting  Caps 

Table  4  gives  some  information  on  blasting 
caps.  The  proper  blasting  cap  should  be  selected 
for  the  explosive  which  is  to  be  detonated;  an 
improper-size  cap  often  results  in  misfires  or 
deflagration  of  the  explosive  and  pieces  of  the 
imdetonated  explosive  charge  broken  up  by  the  cap 
will  accumulate  in  the  water.  This,  o'  course, 
should  be  avoided.  The  blasting  cap  shoxild  be 
affixed  to  the  explosive  charge  in  such  a  manner 
as  to  eliminate  any  possibility  of  the  cap  coming 
loose  during  immersion  in  the  water.  It  is  some¬ 
times  necessary  with  the  less  sensitive  explosives 
to  bury  the  cap  in  the  explosive  charge  itself  to 
assure  consistent  results.  Specific  information 
on  methods  for  placing  the  cap  on  the  explosive 
charge  should  be  obtained  from  the  explosive 
manufacturers.  Electric  blasting  caps  are  in  use 
in  all  explosive-forming  operations  today. 

Preparation  of  Material  Prior  to 
Explosive  Forming 

Some  materials  should  be  prepared  for 
metal  forming  in  order  to  protect  their  surface 
finish  or  to  insure  maximum  fbrmability.  To 
protect  the  surface,  consideration  must  be  given 
to  possible  damage  from  a  blasting  cap  or  other 
material  which  may  be  projected  against  the 
workpiece  and  to  the  possibility  of  corrosion 
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during  or  after  forming.  The  type  of  protection 
necessary  will  vary  according  to  the  material 
under  conaide ration.  Titanium  alloys  and 
alumini'm  alloys  normally  require  a  protective 
covering  in  order  to  prevent  damage  from  frag¬ 
ments  from  a  blasting  cap.  Other  metals,  such 
as  stainless  steels,  do  not  appear  to  be  adversely 
affected  by  such  flying  fragments.  In  addition,  a 
few  rr.aterials,  such  as  most  of  the  magnesium 
alloys,  require  protection  from  corrosion  in  an 
underwater  forming  operation.  This  can  be 
accomplished  by  waxing  or  by  covering  the  blanks 
with  thin  polyethelene  sheets. 

Normally  the  same  type  of  defects  which 
adversely  affect  the  formability  of  materials  in 
conventional  forming  are  also  deleterious  in 
explosive  forming.  Material  with  a  ground  sur¬ 
face  frequently  has  less  ductility  than  the  same 
material  with  an  as- rolled  surface.  Material 
with  directional  properties  should  also  be  avoided. 
The  purchase  of  cross- rolled  material  for 
explosive-forming  operations  is  desirable. 

Edge  Preparation 

Edge  preparation  to  smooth  out  rough  edges 
is  more  critical  in  some  types  of  explosive- 
formmg  operation  than  in  others.  Edge  prepara¬ 
tion  is  normally  not  required  for  blanks  which  are 
to  be  formed  by  deep  drawing  with  a  hold-down 
ring.  When  forming  parts  without  a  hold-down 
ring,  as  in  driving  a  blank  into  a  tapered  die, 
edge  preparation  may  be  essential.  Similarly, 
polishing  of  edges  is  sometimes  necessary  for 
parts  to  be  formed  on  a  conventional  hydropress, 
but  not  for  parts  which  are  formed  by  deep  draw¬ 
ing  on  presses.  The  edges  produced  by  sawing, 
blanking,  and  shearing  operations  are  normally 
satisfactory  for  explosive  forming,  although  some 
materials  such  as  titanium  are  more  sensitive  to 
edge  conditions.  In  general,  special  polishing  on 
the  edges  of  blanks  to  be  explosively  formed  is 
not  warranted,  but  excessively  rough  edges  are 
undesirable.  Burrs  left  on  the  surface  of  the 
material  can  cause  erratic  effects  especially  when 
the  hold-down  rings  are  being  utilized.  Such 
burrs  should  be  removed,  possibly  by  filing,  prior 
to  explosive  forming  of  the  pieces. 

Thermal  Treatments 

Most  materials  are  explosively  formed  in 
the  annealed  condition.  In  some  sizing  operations, 
the  materials  may  be  formed  in  the  hardened  con¬ 
dition.  The  forming  of  materials  in  the  hardened 
condition  is  generally  limited  to  very  small 
amounts  of  stretching,  in  the  neighborhood  of  I  or 
2  per  cent. 

Some  materials  must  be  formed  at  elevated 
temperatures  in  order  to  obtain  the  desired 


amount  of  ductility.  For  titanium  and  refractory 
metals,  elevated  temperatures  should  be  con¬ 
sidered  for  explosive-forming  operations.  Most 
of  the  other  materials,  such  as  aluminum  alloys, 
stainless  steels,  mild  or  low-alloy  steel,  copper, 
nickel-base  alloys,  and  most  of  the  high-strength 
alloys  can  be  explosively  formed  without  the  use 
of  special  heating  devices  in  the  forming 
ope  ration. 

It  is  sometimes  desirable,  when  deep  form¬ 
ing  is  required,  to  conduct  the  forming  operation 
in  a  number  of  steps  rather  than  to  attempt  to 
form  the  part  with  one  explosive  charge.  In 
some  cases  the  materials  will  retain  enough 
ouctility  so  that  this  can  be  accomplished  without 
intermediate  anneals.  At  other  times  the 
material  will  work  harden  to  an  extent  that  fur¬ 
ther  forming  is  not  possible  and  it  will  be  neces¬ 
sary  to  anneal  the  material  prior  to  continuing 
with  the  forming  operation.  Standard  annealing 
treatments  for  the  material  should  be  utilized  in 
this  case.  The  number  of  intermediate  anneals 
which  may  be  required  will  be  dependent  on  the 
material  characteristics  and  the  severity  of  the 
deformation.  Some  materials,  such  as  the  pre¬ 
cipitation-hardening  stainless  steels,  do  not  dis¬ 
play  the  same  work-hardening  characteristics  in 
explosive  forming  as  they  do  in  conventional 
forming;  however,  normally,  conventional- 
forming  operations  may  be  used  as  guidelines  in 
determining  the  amount  of  deformation  that  can 
be  obtained  between  intermediate  annealing  steps 
by  explosive  forming.  Sometimes  stainless  steel 
alloys  may  be  deep  drawn  by  explosive  form:ng 
in  a  number  of  shots  without  intermediate  anneals, 
whereas  spinning  requires  intermediate  anneals 
for  the  same  part.  In  most  cases  the  determina¬ 
tion  of  the  requirement  for  intermediate  anneals 
must  be  determined  by  exjjerie.nce  in  the  particu¬ 
lar  forming  operation  because  information  is 
lacking  on  the  response  of  materials  in  explosive¬ 
forming  operations. 

With  some  materials,  such  as  the  pre¬ 
cipitation-hardening  stainless  steels,  the  explo¬ 
sive-forming  operation  may  be  considered  an 
integral  part  of  the  thermal  treatment.  The  pre¬ 
cipitation-hardening  stainless  steels  are  normally 
solution  annealed,  deep-freeze  treated,  and  then 
aged  to  develop  the  full  properties.  By  explosive 
forming  materials  in  the  solution-annealed  condi¬ 
tion,  the  deformation  will  tend  to  transform  most 
of  the  austenite  to  a  martensitic  type  of  structure. 
Any  retained  austenite  can  then  be  subsequently 
transformed  to  martensite  by  the  deep-freeze 
treatment  end  then  aged  to  develop  the  full  pro¬ 
perties  of  the  material.  By  the  use  of  this  tech¬ 
nique  the  solution-annealed  treatment  may  be 
eliminated  from  the  final  thermal- processing 
cycle.  There  are  some  indications  that  this  tech¬ 
nique  increases  the  tensile  strength  and  ductility 


of  the  precipitation-hardening  stainless  stecls.^*^^ 
At  the  prebeni  lime  it  la  nut  known  whether  the 

same  type  of  processing  would  be  useful  for  con¬ 
ventional  forming  of  the  same  materials,  or  not. 

It  is  necessary  to  stress  relieve  some 
materials  immediately  after  explosive-forming 
operations  to  prevent  delayed  cracking  due  to 
residual  stresses.  This  is  especially  true  of  the 
materials  which  have  been  work  hardened  close 
to  the  upper  limit  of  their  mechanical  properties. 
Stress-corrosion  cracking  may  also  occur  in 
some  of  the  materials  if  high  residual  stresses 
are  not  relieved.  The  susceptibility  of  parts  that 
have  been  explosively  formed  to  stress-corrosion 
cracKing  has  been  found  to  be  greater  than  that  of 
parts  that  have  been  formed  the  same  amount  by 
conventional  forming  techniques.  Therefore 
techniques  must  be  considered  to  eliminate  the 
piossibility  of  stress-corrosion  cracking  in  explo¬ 
sively  formed  parts. 

Forming  of  Welds 

\ny  time  that  parts  must  be  explosively 
formed  from  blanks  which  have  weld  beads, 
special  considerations  should  be  given  to  the  weld 
area.  It  is  desirable  that  parts  requiring  welding 
be  designed  to  place  the  weld  in  an  area  where  the 
least  amount  of  deformation  will  occur.  The 
welds  may  be  expected  to  stand  approximately  5 
to  10  per  cent  less  deformation  than  the  parent 
material  before  failure  occurs.  Once  a  welded 
part  has  been  explosively  formed  it  is  very 
unlikely  that  any  difficulty  will  be  encountered 
with  the  welds  in  later  processing,  or  during  the 
service  life  of  the  structures.  The  quality  of  the 
welds  should  be  good  and  of  uniform  characteris¬ 
tics  so  that  maximum  weld  ductility  is  obtained 
for  the  explosive-forming  operation.  Use  of  auto¬ 
matic  welding  equipment  can  be  useful  in  this 
regard.  Explosive  forming  will  serve  as  an 
excellent  inspection  technique  on  the  welds  since 
any  defects  usually  show  up  as  cracks.  Welding, 
of  course,  introduces  a  cast  structure  into  the 
blank  and  me  st  cast  structures  are  rather  sensi¬ 
tive  to  impact-type  loading.  It  is  therefore  advis¬ 
able  to  use  roll  planishing  which  breaks  down  the 
cast  structure  of  the  weld  beads  to  a  more  ductile 
wrought  condition  on  welded  blanks  and  preforms 
which  are  to  be  explosively  formed.  Very  little 
difficulty  has  been  found  in  the  explosive  forming 
of  tubular  parts  made  from  welded  and  drawn 
tubing,  for  the  welds  have  been  worked  suffi¬ 
ciently  to  eliminate  the  cast  structure. 

If  weld  beads  are  not  planished,  the  surface 
of  the  bead  should  be  at  least  ground  flish  so  that 
the  blank  wi’l  lie  smooth  against  the  die  during 
the  forming  operation  and  the  bead  itself  will  not 
cause  bulging.  Although  weld  beads  are  often 
ground,  improper  grinding  practices  can  introduce 


residual  stress  in  the  weld  area  and  this  m;>y  be 
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poor  ductility  at  or  near  the  joint  it  is  often  desir¬ 
able  to  anneal,  or  otherwise  heat  treat,  preforms 
between  the  welding  and  forming  operations. 

When  parts  with  weld  beads  in  critical! 
high- stress  areas  must  be  explosively  forme 
it  is  sometimes  useful  to  use  a  buffer  m-'f^ri  .1, 
such  as  rubber,  over  the  weld  area.  T  se  of  a 

rubbe’."  pad  will  decrease  the  loading  rj..  id 

result  in  less  severe  impact  conditions  .  the 
weld.  The  buffer  material  must  be  placed  tightly 
against  the  surface  prior  to  forming  since  water 
between  the  buffer  and  the  part  will  result  in 
errat.c  behavior  and  possibly  in  failure  of  the 
blahk  at  that  ,x>int. 

EXPLOSIVE-FORMING  FACILITIES 

Since  explosive-forming  facilities  are  of  a 
highly  spvecialized  nature,  particular  attention 
must  be  given  to  their  location,  aesign,  equip¬ 
ment,  and  operation.  The  need  for  close  safety 
control  is  emphasized  in  each  of  these  categories 
and  is  perhaps  the  dominant  factor  in  the  facilities 
that  exist  today.  As  in  other  production-oriented 
operations  the  economics  of  production  are  im¬ 
portant.  Continued  operational  experience  has 
resulted  in  improved  process  economics  while  a 
high  level  of  safety  has  been  maintained.  Con¬ 
sidering  that  the  explosive-forming  industry  is 
still  in  a  stage  of  rapid  growth  and  development 
the  information  presented  is  intended  to  provide 
only  a  general  review  of  the  factors  influencing 
the  location  and  design  of  explosive-forming 
facilities  and  their  equipment  and  operations. 

Location  of  a  Facility 

There  are  four  primary  considerations  in 
the  location  of  an  explosive-forming  facility; 
safety,  local  regulations,  economics,  and  com¬ 
munity  relations.  Decisions  based  on  these  fac¬ 
tors  should  include  the  anticipated  initial  use  of 
ir'.e  facility  and  projected  future  requirements  in 
order  that  continued  operation  may  be  maintained. 
The  influence  of  tl.ese  factors  is  treated  in  more 
detail  in  the  subsequent  discussions. 

Safety 

From  the  standpoint  of  safety  ,  the  impiortant 
points  to  be  considered  when  locating  a  facility 
are  the  case  of  eliminating  outside  hazards  and  of 
controlling  access  to  the  area.  Where  large  or 
extensive  operations  are  contemplated,  all  con¬ 
siderations  except  possibly  economics  suggest 
that  an  isolated  area  is  the  best  location  for  an 
explosive-forming  facility.  Control  of  the  area 
should  be  maintained  with  a  security  fence.  The 
hazard  zone  should  be  cleared  so  that  a  visual 
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check  can  be  readily  made  during  any  time  the 
facility  is  in  operation.  The  operation  may  also 
require  room  for  the  placement  of  remote  explo¬ 
sive  storage  magazines. 

The  location  of  a  facility  in  an  arid  region 
has  oefiirite  advantages  on  the  basis  of  an  outside 
operation  for  the  reduction  of  facility  cost,  but 
safety  can  be  .a  problem  with  regard  to  the  build¬ 
up  oi  static-electric  'harges  on  the  operating 
personnel.  Static  charges  can  initiate  elect  ic 
blasting  caps;  therefore,  ofarations  unoer'scch 
conditioits  must  have  some  provision  for  eliminat¬ 
ing  the  static  charge  f’^om  the  personnel.  The 
use  of  co'iduitivo  shoes  or  spurs  to  give  contact 
between  the  personnel  and  a  metal  floor  plate  will 
preside  the  required  protection.  Even  with  the 
grounding  of  the  personnel,  it  is  be6t  to  secure 
tr^e  operation  if  the  wind  velocity  exceeds  15 
miles  per  hour. 

The  location  of  an  explof  i-e-fornring 
facility  within  close  range  of  any  elertroma»netic 
radiators  such  ae  radio,  TV,  FM,  or  radar 
installations  of  any  type  should  be  avoided,  since 
RF  energy  can  fire  electric  blasting  caps.  \ 
graph  for  obtaining  safe  operating  distances  from 
transmitteis  of  various  power  outputs  is  given 
in  Figure  4.  It  ohculd  be  emphasized  that  mobile 
trawsmitters  mounted  on  vehicles  are  e-cn  more 
dangerous,  since  their  whereabouts  in  the  area 
is  not  always  known  until  it  is  too  late.  To 
eliminata  the  possibility  of  danger  from  RF 
energy,  a  facility  shoiild  not  bri  located  w.thin 
7000  feet  of  any  transmitter.  If  it  is  found  neces¬ 
sary  to  operate  a  facility  within  close  range  of  a 
transmitter,  i*  is  best  to  cunsider  the  erection  of 
a  metal  shield  which  would  reduce  the  hazard 
involved.  A  sheet-metal  building  will  serve  this 
purpose  or  the  use  of  shielding  ovei  the  blasticg- 
cap  wires  may  also  be  used.  Explosive -forming 
facilities  have  been  operated  within  close  range 
of  transmitters  for  several  years  nov/  without 
incident,  although  the  hazard  is  still  there  If 
proper  precautions,  are  not  maintained. 

A  strong  induction  field  should  Also  be 
avoided,  since  under  certain  concicions,  it  caa 
result  in  the  premature  firing  of  blasting  caps. 

When  precautions  are  taker,  to  eliminato  the 
hazard  from  KF  energy,  a  posaibie  mishap  from 
an  induction  field  becomes  more  likely.  The 
shielding  of  wires  or  grounding  of  one  lead  wire 
to  the  cap  can  establisn  a  circuit  in  the  cap  leads 
which  makes  it  ideal  for  receiving  current  of  an 
inductive  nature.  Induction  fields  are  obtained 
only  when  there  is  a  large  amount  of  current 
flowing  through  a  conductor  in  the  area.  Areas 
with  underground  cables,  or  even  areas  in  which 
a  current  i»  applied  to  pipelines  to  prevent  corro¬ 
sion,  should  be  avoided.  A  simple  circuit  can  be 
prepared  to  checK  '.he  area  for  both  inductive 


field  and  RF  energy  prior  to  the  ir.stallation  of  a 
facility  to  determine  if  these  hazards  exist.  After 
a  facility  is  in  operation,  an  electronic  signalling 
device  can  be  constructed  to  warn  of  RF  energy  in 
the  area  emanating  from  passing  aircraft  or 
mobile  transmitters;  also,  small  devices  can  be 
obtained  from  explosive  nrianufacturers  which  will 
fire  when  exposed  to  a  low  level  of  RF  energy 
To  be  effective,  these  should  be  placed  at  inter¬ 
vals  around  the  periphery  of  the  facility. 


FIGURE  4.  TRANSMITTER  POWER  VERSUS 
SAFE  EXl-LOSIVE  OPERATING 
DIffANCE{20) 

In.’stitute  of  Makers  of  Explos’.v-as, 
1956 

Imcal  Regulattons 

Eachcrea  of  the  C'-untry  Izb  different  local 
reguU'tiouo  which  must  be  .:ramfned  belore 
8-lection  of  a  site  for  an  explosive-fcrmisg 
facility.  The  reg'ilatlons  may  be  in  the  -orm  of 
zeuing  cedes.,  laws  by  local  and  eiate  govern¬ 
ments,  or  even  national  ia'vs,  although  the  latter 
dsil  mainly  with  interstate  transportation  oi 
explosives.  The  attitude  of  the  commu.'t.’ty  wi'-hin 
which  the  facility  is  to  bs  operated  might  c&vio 
difficuitie.s  eiChyr  pricr  to  establishing  the  facility 
or  iu  the  future  when  tl  need  for  expai'sion 
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%riseSi  Wh*?*  there  are  no  laws  restricting  the 
use  of  explosives,  some  basic  steps  should  be 
taken  to  ascure  that  the  shipping,  storing,  and 
handling  of  explosive';  will  comply  with  the  niter- 
state  commerce  safety  regulations.  The  Blaster's 
Handbook, (19)  safety  bulletins  published  by  the 
Institute  of  Explosive  Manufacturers. (^9)  ^nd 
military  dociunents(^*)  may  also  be  useful. 

In  general,  most  regulations  npply  to  the 
possible  noise  nuisance  of  an  explosive-forming 
operation  and  most  of  the  noise  can  be  eliminated 
by  firing  underwater.  The  safe  storage  of  explo¬ 
sives  to  prevent  unauthorized  access  is  normally 
a  regulation  which  is  necessary  and  should  be 
strictly  observed.  £ach  year,  there  are  numer¬ 
ous  accidents  resulting  from  stray  blasting  caps 
falling  into  the  hands  of  children.  Lawsuits  can 
result,  if  it  is  proven  that  the  explosive  material 
was  not  properly  secured. 

When  selecting  a  site  for  present  production 
capabilities,  the  future  applications  should  be 
also  reviewen.  Although  the  initial  operation  may 
be  within  the  local  regulations,  expansion  in  the 
future  may  be  prohibited.  A  good,  example  of  this 
might  be  a  requirement  to  produce  large  parts 
which  could  not  be  handled  in  the  present  facility 
due  to  size  of  the  necessary  charge.  The  expan¬ 
sion  needed  to  n:eet  production  requirements 
could  very  well  be  prohibited.  The  selection  of  a 
sib^  which  does  not  allow  for  expansion  should  be 
a/oided. 

Closely  related  to  local  regulations  is  the 
possibility  of  lawsuits  arising  from  the  operation 
of  an  explo Give- fo ruling  facility.  Suits  can  take 
the  form  of  actual  daratges  or  implied  c'Taages. 
either  of  which  can  result  .a*  a  consideranic  loss 
of  time  and  mcoty.  A  suit  of  this  type  may  be 
very  difficjiit  to  prove  one  way  or  the  oiher. 
Several  incidents  cd  thij  nature  have  been 
reported. 

Sconomic  <t 

The  eco'iomiCs  involved  u-  the  location  cf  a 
faciilry  wili  probebiy  be  of  prime  consideration  to 
a  maoiu'acturei.  If  a  facility  is  locat‘<d  in  an  iso¬ 
lated  area,  uo  is  desirable,  it  may  be  so  far  re¬ 
moved  from  other  related  manufacturing  as  to  be 
impracticei.  This  may  aell  occur  unlecs  the 
facility  can  be  a  completely  m^gratc^d  operatica, 
Inclxtding  both  die  and  material  preparation.  £ven 
with  an  integi  aUd  operation,  the  cost  of  shippipj; 
materials  to  aud  irom  tbe  facility  may  make  the 
operation  uneconomic aL 

Thfc  tocatioD  of  a  facility  near  othe.r  inanc- 
factuiiug  operations  may  alsc  have  its  disadvan¬ 
tages.  The  ’«hock  wave  in  ibfc  sccroiinding  ground 
from  the  cxpiocive-forming  ope  radon  livav  have 


deleterious  effects  on  the  operation  of  other 
manufacturing  equipment.  Most  electronically 
controlled  equipment  such  as  controllers  for 
heat-treating  equipment  or  automatic  welding 
equipment  are  very  sensitive  to  shock  vibration. 

A  geological  survey  of  the  underground  rock 
strata  can  pinpoint  possible  areas  of  difficulty 
prior  to  the  start  of  an  installation  and  can  result 
in  a  considerable  saving  of  time  and  money,  due 
to  improper  location  of  a  facility.  In  operations 
where  equipment  such  as  drop  hammers  or  heavy 
presses  are  in  use,  the  amplitude  of  the  result¬ 
ing  shock  waves  often  exceeds  the  amplitude  of  a 
shock  wave  from  a  high  explosive  charge.  If  the 
water-table  level  is  close  to  the  surface  of  the 
ground,  a  greater  amount  of  shock-wave  energy 
will  be  transmitted  than  if  the  ground  is  dry. 

Good  dr.ainage  around  the  explosive -forming 
water  tanks  can,  therefore,  aid  in  r<^duciug  the 
energy  of  a  transmitted  shock  wave. 

Labor  cost  is  one  of  the  major  items  in  the 
operation  of  an  explosive-forming  facility. 

Hazard  pay  may  be  requested  by  employees 
working  in  the  area,  and  due  to  the  *uture  of  the 
operation,  it  is  best  to  consider  only  properly 
trained  personnel  for  working  with  the  explosive 
charges.  Hiring  personnel  with  experience  in 
explosive  operations  will  proWde  the  required 
know-how  for  the  explosive  chargss,  but  the 
metalworking  kaow?.cdge  may  be  lacking.  The 
explosive-foimlng  industry  has  not  grown  to  the 
point  where  thure  ie  an  excess  of  personnel 
trained  in  its  operation.  Consequently,  obtaining 
trained  personnel  appears  unlikely  uzdeas  a  high 
premium  is  paid.  The  alternative  is  on-the-spot 
training  of  personnel. 

The  management  of  facilities  which  are 
presently  under  operation  varies.  Some  compan¬ 
ies  have  established  separate  departments  to 
carry  out  the  explosive-forming  function,  while 
others  have  attempted  to  integrate  the  operation 
into  the  regular  manufacturing  sequence.  It  is 
interesting  !o  note  that  the  leading  companies  in 
this  field  have  maintained  the  operation  tmder 
engineering  control,  and  have  staffed  it  with  high- 
caliber  personnel.  The  ratio  of  engineers  to 
*ec)udcians  is  sometimes  as  high  as  i  to  1.  The 
high  peresntago  of  technically  trained  personnel 
being  utilized  in  the  operations  of  explosive- 
forming  facilities  is  probably  due  to  the  trial-and- 
error  state  of  the  process.  Probably  this  per¬ 
centage  will  decrease  as  more  infomxation  on  the 
procejw  and  better  training  of  personnel  is  made 
possible  through  .  ontinving  operations. 

Layo“tt  of  Operations 

Tuere  are  two  primary  factors  which  should  be 
Considered  in  the  layout  of  a  facility  .  The  first 
10  atnooth  flow  of  material  through  the  work  area 


14 


for  maximum  efficiency,  and  the  second  i» 
proper  cotitrol  o.C  the  operations  on  the  basis  of 
safety.  Generally,,  operations  conducceci  with 
limited  access  cerve  to  aid  in  achieving  both  of 
these  factors. 

Flow  of  Material 

In  general;  the  factors  affecting  the  flow  of 
material  in  a  conventional  manufacturing  plant 
should  also  be  considered  in  an  explosive- 
forming  facility.  The  quantity  of  items  to  be 
manufactured  and  the  variety  of  parts  to  be  made 
will  determine  to  a  great  extent  the  layout  and 
area  required.  According  to  the  nature  of  the 
operations;  the  following  areas  might  be  con¬ 
sidered  in  an  integrated  facility:  incoming- 
material  storage;  material-preparation  rooms, 
die-preparation  room,  charge-preparation  area; 
loading  area  for  the  die,  loading  area  for  the 
charge,  firing  area,  die-unloading  area,  inspec¬ 
tion  area,  finished  part  storage,  and  shipping 
area.  A  number  of  these  areas  can  be  combined 
according  to  the  number  of  personnel  working  and 
the  V  ne  of  production  contemplated.  One  of 
the  t  considerations  in  such  operations  should 
be  the  separation  of  the  areas  where  explosives 
are  being  handled  from  the  other  operational 
areas.  It  is,  therefore,  advisable  to  have  much 
of  the  conventional  type  of  work  as  possible  per¬ 
formed  on  the  material  before  the  loaded  die  is 
brought  into  the  firing  room  for  attachment  of  the 
explosive  charges. 

The  flow  of  explosive  materials  from  the 
magazine  to  a  charge-prepavation  area  and  sub¬ 
sequently  to  the  firing  area  must  be  closely  con¬ 
trolled.  Charges  can  be  prepared  in  the  firing 
area,  provided  production  schedules  permit,  but 
should  never  be  prepared  in  the  magazine.  A 
minimum  type  of  operation  might  consist  of  one 
building  for  firing  and  a  magazine  for  external 
storage  of  explosive  materials.  This  could  then 
be  expanded  acaordiag  to  the  needs  of  the  facility. 
Crowding  of  the  fi^'ing  area  should  be  avoided, 
since  this  will  hamper  the  proper  control  of  the 
area. 

Safety  Control 

The  safe  control  of  an  explosive-fornaisg 
oi>eratlon  requires  that  the  man  in  charge  of  the 
operation  be  able  to  see  and  to  know  the  location 
of  all  personnel  during  the  operation.  If  only 
the  personnel  required  to  perform  the  operation 
are  permitted  in  the  areas  where  explosives  are 
being  handled,  the  aniount  of  time  the  supervisor 
must  devote  to  safety  is  considerably  reduced, 
and  he  can  apply  his  time  more  efficiently  to 
production.  The  stacking  of  dies  oi-  erection  of 
other  obstacles  to  his  vision  within  the  firing 
area  should  be  avoided.  When  the  operation 


becomes  large  enough  to  require  additional 
personnel,  consideration  should  be  given  to 
multiple  firing  areas  with  barricade  separation 
between  them  for  better  control  and  a  more  effi¬ 
cient  operation.  Three  men  in  the  firing  area  at 
rmv  time  will  supply  the  required  manpower 
provided  the  maxzmiun  amount  of  non!6.^:plofrive 
type  of  preparation  has  been  carried  out  in  rom'* 
other  pact  o'  the  facility. 

The  followiiig  jobs  or  duties  should  be 
allotted  to  each  man-  so  that  they  can  work  as  a 
team:  ont  man  in  charge  of  the  operation  who  is 
qualified  to  assist  in  any  of  ^he  operations 
required,  a  man  to  set  the  charges,  and  possibly 
a  man  to  operate  the  crane.  Two  men  can 
operatf*  the  facility  satisfactorily  if  the  desired 
output  is  not  too  large.  It  should  be  a  standard 
rule  that  no  explosives  are  to  be  handled  within  a 
facility  unless  two  men  arc  present  in  the 
facility,  preferably  not  operating  in  the  same 
area.  In  case  of  an  accident,  one  man  would  be 
able  to  summon  help. 

Building  Construction 

The  method  of  construction  of  an  explosive- 
forming  facility  is  a  matter  of  local  choice. 

Some  facilities  have  been  constr?j''ted  using 
sheet-metal  exteriors,  while  in  other  climates, 
no  building  was  required.  The  firing  area  is  the 
only  area  which  requires  special  attention  in  the 
construction  of  an  inside,  facility  for  explosive 
forming.  Since  this  area  should  be  separated 
from  the  rest  of  the  facility,  Che  use  of  reinforerd 
concrete  walls  as  a  seperator  is  advisable.  Some, 
explosive-forming  facilities  have  special  blow- 
off-type  roofs  to  re’ieve  t'/ie  pressure  ip.cide  a 
building  in  the  event  of  an  accident  without  dis¬ 
turbing  the  walls  of  the  building.  Most  industrial- 
type  buildings  will  withstand  an  overpressure  on 
the  buildir:g  of  10  psi.  A  1-pound  charge  of  TNT 
fired  in  the  center  of  a  ro'^m  40  feet  in  diameter 
would  apply  a  10-psi  overpressure  to  the  walls  of 
the  building.  A  reinforced  concrete  wall  will 
withstand  a  considerably  greater  force,  depending 
on  its  thickness. 

An  excellent  barrier  for  outside  facilities 
is  a  ring  of  railroad  ties  set  into  the  ground  on 
end.  The  arrangement  is  referred  to  as  a  "bull 
pen”  when  the  ties  are  uet  in  a  circle.  A  30-foot- 
diameter  ring  of  this  kind  is  adquatc  for  firing  up 
to  a  lO-pound  charge  of  TNT  at  the  center.  Addi¬ 
tional  support  could  be  obtained  with  such  a 
facility  by  piling  diit  against  the  outside  of  the 
railroad  ties. 

The  use  cf  a  building  has  an  advantage  for 
an  explosive- forming  facility  where  close  neigh¬ 
bors  might  he  disturbed,  because  't  reduces  the 
amount  of  noise  reaching  the  outside.  Also  some 
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type  of  buildiag  io  uorirUilly  required  £cr  material 
prepaiation  or  die  work.  Connecting  a  covor 
over  an  explosive-forming  firing  area  to  the  die- 
preparation  building  should  not  be  too  difficult, 
providing  proper  precautions  are  taken  to  assure 
the  aafety  of  the  operation  through  the  construc¬ 
tion  of  barricades.  The  facility  layout  shown  in 
Figure  5  is  given  as  a  suggestion  and  should  not 
be  considered  as  recommendation.  The  ideal 
arrangement  depends  on  the  ^xixi-oae  and  require¬ 
ments  of  each  individual  facility. 

^Office 

■ - -  Moterkil  Storage 


Die  Loading  Fifing  Ro( 

Room  with  Two 
yfeter  Toi 

Die  Pieporation  aid 
Finishing  Room 
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FIGURE  5,  LAYOUT  OF  A  HIGH-PRODUCTION 
EXPLOSIVE-FORMING  FACILITY 

Explosive-Forming  Facility  Designs 

A  number  of  facilities  have  been  installed 
L' round  the  country  for  the  specific  purpose  of 
conducting  explosive-forming  operations.  Most 
of  these  are  located  in  the  western  part  of 
country,  where  outside  operations  are  possible. 
The  facility  shown  in  Figure  6  consists  of  one 
concrete  tank  12  feet  'n  diameter  by  10  feet  deep 
with  1-foot-thick  walls.  The  tank  is  equipped 
with  a  bubble  curtain  and  1 -pound  charges  have 
been,  fired  in  it  without  damage  to  the  tank,  A 
'•lightly  different  type  of  facility  is  shown  in  Fig¬ 
ure  7.  Here,  the  water  tank  is  completely  above 
ground  and  an  air  curtain  is  used  to  reduce 
stresses  in  the  steel  tank  wall.  The  water  tank  is 
13  feet  in  diameter  and  13  feet  deep.  The  tack  is 
instrumented  and  has  indicated  a  stress  in  the 
tank  wall  of  28,000  psi  when  a  320-gram  charge 
was  fired  in  the  middle  of  the  tank. 
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FIGURE  6.  PRODUCTION  FACILITY  FOR 
EXPLOSIVE  FORMir^G 

Courtesy  of  Astronautics  Divi¬ 
sion  of  General  Dynamics 
Corporation. 


FIGURE  7.  ELEVATED  WATER  TANK  FOR 
EXPLOSIVE  FORMING  ON  A 
PRODUCTION  BASIS 


The  two  facilities  have  been  shown  to  pro¬ 
vide  an  indication  of  the  various  types  presently 
in  use.  The  most  desirable  type  of  facility  de¬ 
pends  on  the  'ocal  conditions  and  needs  estimated 
for  present  and  future  production  requirements. 


Courtesy  of  Lockheed  Aircraft 
Corporation. 

Equipment  Requirements 

The  equipment  requirements  depend  tc  a 
great  extent  on  the  volume  of  production  to  be 
carried  out  in  the  facility.  The  primary  equip¬ 
ment  consisting  of  a  water  tank,  crane,  vacuum 


pttmp,  and  detonator  will  be  considered  first. 
Auxiliary  equipment  which  is  desirable  but  not 
essential  tc  the  expl08ive''forniing  operation  will 
bs  considered  as  a  group.  Such  items  as  water 
pumps,  filtration  systems,  and  other  special 
equipment  fall  in  this  category. 

Water  Tank 

A  water  tank  is  considered  essential  for  a 
production  operation  of  explosive  forming,  al¬ 
though  work  could  be  conducted  in  air  or  even  by 
placing  the  explosive  charges  in  plastic  bags 
filled  with  water  and  placing  them  on  the  material 
to  be  formed.  The  latter  two  methods  have  ser¬ 
ious  disadvantages  from  both  the  standpoint  of 
noise  and  ease  of  operation,  although  they  work 
quite  well.  A  water  tank  must  be  able  to  with¬ 
stand  the  repeated  impacts  of  the  explosive  shock 
without  rupturing.  Tanks  are  often  designed  to  be 
large  enough  so  that  the  shock  reaching  the  walls 
of  the  tank  from  a  centrally  located  explosive 
charge  is  considerably  reduced.  As  the  tank 
diameter  is  increased,  the  load  it  will  withstand 
is  decreased  for  an  equal  wall  thickness.  The 
stress  in  the  wall  of  a  taisk  can  be  determined  as 
a  function  of  the  internal  pressure,  the  dia.mcter 
of  the  tank,  and  the  wall  thickness  of  the  tank.  A 
graph  of  the  stress  in  a  tank  wall  as  a  function  of 
the  radius  of  the  tank  for  a  1-lb  charge  of  TNT 
and  constant  wall  thickness  of  1  inch  is  given  in 
Figure  8.  As  can  be  seen  from  the  graph,  an 


FIGURE  8.  TANK  WALL  STRESS  VERSUS 
DISTANCE  FROM  CHARGE 

Based  on  uiJt  tank-wall  thick¬ 
ness  and  on  a  unit  charge  of 
TNT. 

increase  in  the  diameter  of  the  tack  from  4  to  40 
feet  only  lowez  s  the  stress  level  in  the  tank  wall 
from  1650  psi  to  1225  psi,  or  a  decrease  of  only 
26  per  cent.  At  the  same  time ,  the  weight  of 


material  which  must  be  used  to  construct  the 
tank  wall  has  increased  by  a  factor  of  ten. 
Obviously,  increasing  the  diameter  of  a  tank  to 
obtain  a  reduction  in  the  tlackness  of  the  tank 
wall  required  is  not  an  ecoziomically  practical 
solution. 

Water  tanks  with  sloping  sides  have  k^en 
used  for  explosive -forming  operations.  The 
stress  analysis  of  a  tank  with  a  sloping  wall  indi¬ 
cates  that  the  stress  in  the  vertical  direction  ie 
reduced  by  a  function  of  the  angle  which  the  slop¬ 
ing  wall  makes  with  a  veitical  wall.  The  stress 
in  the  vertical  direction  o.‘  a  tank,  conside.-ing  a 
constant  p^'^ssure  in  the  tank,  is  always  one-half 
of  the  hoop  stress  in  the  tank  at  any  point.  Such 
a  design  requires  an  increase  of  material  for 
construction  of  the  tank  wallr  over  a  straight- 
wall  tank,  similar  to  th  t  found  necessary  by  in¬ 
creasing  the  diameter  of  the  tank,  considering 
equal  design  pressures. 

One  of  the  best  approaches  to  the  problem 
is  to  moderate  the  pressure  shock  wave  before  it 
strikes  the  tank  wall.  Experiments  at  Lockheed 
have  indicated  that  the  stress  in  the  wall  of  an 
explosive- forming  water  tank  can  be  reduced  con¬ 
siderably  by  several  techniques,  Figure  9 
depicts  the  use  of  infla-.ed  rubber  tubing  for  the 


FIGURE  9.  CROSS  SECTION  OF  AN  INFLATED- 
AIR-TUBE  WALL  TANKH) 

Stress  level  in  tank  wall  reduced  by 
S3  per  cent. 

Tubing  was  1.5-inch-diameter  0.25- 
inch-thick  continuous  coil  rubber. 
The  air  pressure  was  sufficient  to 
maintain  inflation  under  the  pressure 
of  the  tank  water  head. 

reduction  of  the  stress  in  the  tank  walls.  The 
rubber  tubing  acted  as  a  evtshion  and  provided  a 
reduction  in  stress  of  83  per  cent.  To  use  this 
technique  in  a  large  tank,  a  considerable  amount 
of  tubing  wo>ild  be  required  and  difficulties  would 
be  experienced  in  maintaining  the  position  of  the 
tubing  and  in  preventing  damage  to  the  tubing 
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ring  sxpic5ivs*“fo Titling  opcrs^tions.  Xiis  nss  of 
an  ail-bubble  curtain  as  shown  in  Figure  10 
appears  to  offer  one  of  the  best  solutions  to  the 
problem  of  low-cost  water-tank  construction.  To 
be  effective,  a  uniform  and  closely  spaced  cur¬ 
tain  of  bubbles  must  be  obtained  along  the  walls 
of  the  water  tank.  This  is  controlled  by  the  size 
of  holes  through  the  air  tubes  at  the  base  of  the 
tank  and  by  the  distribution  of  holes  in  the  air 
hose.  A  maximum  charge  size  of  70  grams  of 
TNT  explosive  has  been  fired  in  an  8-foot- 
diameter  tank  of  this  design  with  no  visible  signs 
of  difficulty  when  the  bubble  curtain  is  operating. 


Small  air 
bubbles 


FIGURE  10. 


Perforated 
air  line 
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CROSS  SECTION  OF  BUBBLE 
CURTAIN  TANK(4) 


Stress  level  in  tank  wall 
reduced  83  per  cent  with  2.  18 
cubic  foot  of  air  per  minute 
per  foot  of  air  line.  Stress 
reduction  is  dependent  on 
rate  of  air  flow.  Air  line  was 
2-inch  diameter  with  0.  07- 
inch-diameter  holes  placed 
0.  50  inch  on  centers. 


Some  tanks  constructed  from  reinforced 
concrete  have  given  poor  re8u.ts  and  they  are  not 
recommended  for  production  operations.  Con¬ 
crete  has  good  properties  when  loaded  in  pure 
compression,  but  ha.s  very  poor  properties  when 
loaded  in  tension  as  would  be  the  case  for  the 
wall  of  a  water  tank.  Spalling  of  the  concrete  sur¬ 
face  and  general  cracking  and  finally  disintegra¬ 
tion  of  the  wall  has  been  experienced  when 
attempting  to  use  this  type  of  construction. 


Shore  A  hardness  of  about  60  will  provide  some 
stress  reduction,  provided  the  thickness  of  the 
rubber  is  properly  chosen.  The  use  of  a  rubber 
hose  coiled  between  the  base  plate  and  the  base 
may  also  be  used  with  good  results.  The  hose 
should  be  closely  spaced  and  inflated  with  only 
enough  air  to  support  the  base  plate  and  the  water 
head  above  it.  Overinflation  will  result  in 
greater  stress-wave  transmission  and  possibly 
frequen*  damage  to  the  tubing  due  to  overpres¬ 
surization.  The  stresses  which  the  base  will 


experience  can  be  reduced  by  about  80  per  cent. 


The  problems  of  sealing  the  base  to  the 
tank  wall  must  also  be  overcome.  Welding  has 
been  utilized  at  some  facilities,  but  has  not  been 
altogether  satisfactory.  Since  the  joint  is  at  a 
comer,  the  maximum  stress  concentration 
occurs  at  this  location.  Seals  with  resilient 
plastics  have  provided  satisfactory  results  and 
are  easy  to  repair  in  case  of  a  leak.  A  plastic 
manufacturer  should  be  consulted  for  the  type  of 
plastic  to  be  used,  since  there  are  several  types 
available. 


In  the  design  of  water  tanks,  a  safety  factor 
of  four  should  be  used  for  a  production  facility. 
Mild  steel  has  been  one  of  the  most  commonly 
used  materials  for  construction  and  fabrication 
by  welding.  Corrugated  steel  drainage  pipe 
could  be  used  for  the  tank  walls.  The  base 
plates  are  generally  made  of  1 -inch-thick  mild 
steel  plate. 

Crane 

A  crane  of  some  type  is  required  to  move 
material  around  the  facility  and  also  in  and  out  of 
the  water  tank.  Ideally,  the  crane  should  be  air 
operated  to  eliminate  electric  power  lines  within 
the  firing  area.  The  capacity  of  the  crane 
required  will  depend  on  the  size  and  weight  of  the 
dies  to  be  handled.  One  of  the  largest  dies 
reported,  which  was  used  in  an  explosive¬ 
forming  operation,  weighed  21,000  pounds.  A 
picture  of  this  die  is  shown  in  Figure  11.  It 
probably  represents  one  of  the  largest  dies  that 
would  ever  be  considered  for  movement  in  and  out 
of  a  water  tank.  Larger  stationary  dies  have 
been  made. 


Tne  base  of  the  tank  is  also  important, 
since  it  takss  the  same  amount  of  impact  as  the 
tank  walls,  if  not  more.  Placing  the  tank  in  solid 
rock  where  possible,  is  often  advantageous.  A 
heavy  base  of  reinforced  concrete  can  be  used 
provided  that  a  heavy  steel  plate  is  used  to 
evenly  distribute  the  stresses  striking  the  con¬ 
crete  to  prevent  localized  high  tensile  stresses. 
Another  useful  method  consists  of  placing  a  shock¬ 
absorbing  material  between  the  concrete  and  the 


All  of  the  standard  crane  types  have  been 
used;  the  main  consideration  in  the  erection  of  a 
crane  is  that  it  have  adequate  capacity  for  ex¬ 
pected  requirements  of  the  facility.  Enough  room 
should  be  provided  between  the  crane  and  the  top 
of  the  tank,  so  that  adequate  slings  of  proper 
length  may  be  used  to  lift  the  dies  and  place  them 
on  the  bottom  of  the  water  tank. 
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FIGURE  11.  LARGE  KIRKSITE  DIE  FOR 
FORMING  ANTENNA 
REFLECTOR 

Courtesy  of  North  American 
Aviation,  Inc. ,  Columbus 
Division. 

Vacuum  Pump 

A  vacutim  pump  will  probably  be  required 
for  most  explosive-forming  operations  when  parts 
are  formed  under  water.  It  is  possible  to  con¬ 
struct  dies  in  a  manner  which  will  eliminate  the 
requirement  for  a  vacuum  between  the  part  and  the 
die.  These  are  special  cases  and  not  commonly 
encountered  in  a  production  explosive-forming 
operation.  Several  types  of  vacuum  pumps  may 
be  suitable  for  this  application.  If  the  firing  area 
is  to  be  maintained  with  a  minimum  of  electric 
lines,  a  venturi  pump  which  will  operate  on  water 
pressure  will  work  satisfactorily.  A  mechanical 
electrical  pump  may  be  used,  and  the  vacuum 
lines  brought  into  the  area  from  u  pumping  site 
remote  from  the  firing  area.  The  electric  pump 
is  preferred,  since  it  has  a  considerably  greater 
capacity  than  the  venturi  pump  and  is  probably 
more  economical  to  jperate.  In  a  high-production 
facility  where  the  application  of  a  vacuum  may  be 
time  consuming,  a  storage  tank  in  the  vacuum  line 
will  greatly  assist  the  operation.  If  it  is  found 
necessary  to  operate  an  electrically  driven  vacuum 
pump  in  the  firing  area,  it  should  have  shielded 
wiring  and  a  sealed  motor  unit.  When  using  a 
mechanical  pump,  it  is  important  to  eliminate  any 
possibility  of  water  entering  the  pump.  This  can 
occur  if  the  vacuum  line  becomes  disconnected 
from  the  die  during  firing  operations.  To  prevent 
this,  a  storage  tank  between  the  pump  and  the  line 
should  be  used  to  trap  any  water  which  may  eater 
the  line.  The  tank  can  then  be  drained  period¬ 
ically  to  eliminate  the  water. 


Circuit 

ST  I,,. ft  i.i 

Under  ideal  conditions,  the  detonator  for 
the  electric  blasting  caps  is  the  only  electric 
circuit  which  sho'ild  be  permitted  in  the  area 
where  explosives  are  being  handled.  Several 
types  of  detonating  machines  available  from 
explosives  manufacturers  for  regular  blasting 
operations  can  be  used  for  explosive-forming 
operations.  Most  of  these  lack  positive  control, 
an  important  feature  for  safe  operation  of  an 
explosive-forming  facility.  It  is  reassuring  to 
the  person  responsible  for  handling  and  setting  of 
charges  to  know  that  he  is  the  only  one  who  can 
arm  and  fire  the  circuit.  This  can  only  be  done 
by  permitting  him  to  maintain  in  his  possession 
at  all  times  an  important  part  of  the  detonating 
circuit  which  can,  in  no  way,  be  replaced  by 
some  other  means. 

Possibly,  a  detonating  circuit  constructed 
especially  for  the  purpose  of  explosive-forming 
work  would  provide  the  best  results.  A  detonator 
should  be  constructed  on  the  "fail  safe"  principle, 
so  that  any  malfunction  will  immediately  cause 
the  circuit  to  be  disarmed.  The  following 
characteristics  are  believed  to  be  desirable  in  the 
design  of  a  detonator  for  explosive-forming  work: 

( 1 )  The  device  should  be  ope  rable  only  with 
a  key  which  can  be  carried  by  the  indivi¬ 
dual  setting  the  charges, 

(2)  When  the  device  is  not  armed  with  the 
key,  this  fact  should  be  visually  dis- 
cernable  from  the  work  area, 

(3)  The  lead  wires  to  the  cap  should  always 
be  shorted  when  the  circuit  is  not 
armed, 

(4)  When  the  circuit  is  armed  with  the  key, 
both  a  visual  and  an  audible  warning 

of  its  armed  condition  should  be 
activated  automatically, 

(5)  A  metliod  of  checking  the  continuity  of 
the  blasting  circuit  should  be  an 
integral  part  of  the  detonator. 

A  schematic  diagram  for  a  detonator  which 
meets  these  requirements  is  shown  in  Figure  12. 

A  continuity  meter  is  a  meter  sensitive 
enough  to  read  a  current  flow  which  is  too  small 
to  fire  a  blasting  cap.  Most  caps  have  a  maxi¬ 
mum  no-fire  level  of  about  0.  25  amp.  If  an 
ohmmeter  were  used  to  check  a  blasting  cap,  this 
much  current  could  be  obtained  and  the  blasting 
cap  would  be  fired.  A  special  circuit  arrange¬ 
ment  is,  therefore,  required.  The  use  of  a  1,5- 
volt  battery  connected  in  series  with  a  10,000-ohm 
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re  sister  and  a  microammeier  will  serve  the  pur¬ 
pose.  The  resistor  will  reduce  the  current  flow 
below  the  safe  limits  for  firing  a  blasting  cap. 


2  Horn  Switch,  Single  Pole,  Single  Throw, 
Momentary  Off  Operation 

3  Continuity  and  Firing  Switch,  Single  Pole, 
Double  Throw 

4  Relay,  Three  Pole,  Double  Throw 

5  Armed  ^'arning  Light 

6  Safe  Warning  Light 

C  5- Amp  Circuit  Breaker 

H  llO-VHorn 

M  Microammeter 

FIGURE  12.  SCHEMATIC  OF  A  SAFE  DETONA¬ 
TOR  FOR  PRODUCTION  IN 
EXPLOSIVE  FORMING 

The  current  for  firing  the  blasting  caps  can 
be  obtained  from  a  6-volt  battery  or  directly  from 
a  110-volt  line.  If  a  110-vblt  line  is  used,  it  is 
best  to  use  some  ty]>e  of  circuH  breaker  in  the 
circuit  for  protection  of  the  lines  in  case  of  a 
short  during  firing. 

Auxiliary  Equipment 

During  the  operation  of  an  explosive¬ 
forming  facility,  debris  will  probably  collect  on 
the  siirface  of  the  water  or  be  distributed  through¬ 
out  the  water  tank,  depending  on  its  density. 

Since  this  result  hampers  the  operation,  some 
method  for  removing  the  debris  is  desirable. 
Skimming  equipment,  such  as  that  used  for 
swimming  pools,  will  servo  v?ry  well  for  the 
removal  of  material  which  is  floating  on  the  sur¬ 
face.  Material  which  is  distributed  throughout 
the  water  will  have  to  be  removed  by  a  filtration 
system.  Again,  standard  swimming  pool  filtration 
equipment  can  be  "sed.  It  should  be  remembered. 


however,  that  any  explosive  material  collected 
in  the  water  tank  will  be  pumped  through  the 
filtration  lines  and  possibly  into  the  pump  where 
it  may  collect  and  cause  an  accident  at  some 
later  date.  Pumps  may  also  be  required  to 
drain  the  tanks  from  time  to  time  for  cleaning  or 
for  painting  the  tank  to  pre'.  ent  corrosion.  A 
venturi  pump  is  considered  safe  to  use  in  an 
operation.  A  mechanical  pump  may  be  used  if  a 
filter  is  located  between  liie  pump  and  the  water 
tank. 

In  locations  where  water  is  plentiful,  the 
tanks  are  emptied  by  gravity  flow  and  refilled 
quite  frequently,  while  in  other  areas,  the  same 
water  must  be  used  over  and  over  again.  The 
dumping  of  tank  water,  especially  into  sewer 
lines,  should  be  avoided,  since  any  explosive  in 
the  water  may  be  trapped  and  build  up  to  a  con¬ 
centration  which  might  cause  a  serious  accident 
in  the  future.  The  buildup  of  explosive  the 
water  tank  should  not  occur,  if  everything  is 
operating  properly,  but  experience  has  shown 
that  some  misfires  do  occur  and  result  in  tmde- 
tonated  explosive  in  tanks.  Normally,  a  misfire 
can  be  readily  detected  and  then  attempts  should 
be  made  to  recover  as  much  of  the  undetonat<^<- 
explosive  as  possible  for  later  destruction.  A 
log  of  operations  will  indicate  approximately  how 
much  undetonated  explosive  might  be  expected  in 
the  tank  and  this  will  simplify  any  subsequent 
precautions  which  need  to  be  talua.  A  filter 
should  be  used  ahead  of  the  pump  to  trap  any 
explosive  material  in  the  water.  The  filter 
material  should  be  handled  as  explosive  material 
when  it  is  emptied. 

It  may  be  desirable  to  add  some  chemicals 
to  the  water  to  prevent  the  growth  ^f  algae.  It 
has  been  noted  that  some  constituents  of  the  explo¬ 
sive  compound  cause  algae  to  thrive  in  an 
explosive- forming  water  tank.  The  algae  are  not 
objectionable  on  the  basis  of  operating  efficiency, 
but  they  are  objectionable  on  the  basis  of 
appearance. 

An  air  compressor  can  be  a  useful  tool  in 
the  operation  of  an  explosive-forming  facility.  It 
is  handy  for  cleaning  surfaces  of  the  dies,  insur¬ 
ing  that  the  vacuum  lines  in  the  dies  are  clear, 
and  foi  ipe  rating  pneumatic  hand  tools.  An  air 
compressor  might  also  be  required  for  the  opera¬ 
tion  of  a  bubble  curtain  in  the  water  tank  or  for 
the  operation  of  an  air  wench  on  the  crane.  If  an 
air  compressor  is  installed,  it  is  best  located 
away  from  the  firing  area.  Location  in  the  firing 
area  would  require  shielded  wiring  and  shielded 
motors.  All  hose  connections  should  be  of  the 
quick-change  type  for  a  pressure  system. 

This  discussion  of  equipment  has  been 
limited  to  the  most  general  types  of  equipment 
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which  might  be  used  in  an  explosive -forming 
facility,  strictly  for  the  support  of  the  explosive¬ 
forming  operation.  Additions  to  this  list  might 
include  special  equipment  for  die  preparation  or 
material  preparation. 

Safety  Considerations 

Since  explosives  are  being  used  within  the 
facility,  additional  safety  requirements  for  the 
elimination  of  auiy  fire-producing  or  spark- 
producing  equipment  are  necessary.  In  addition, 
to  prevent  accidental  detonations,  precautions 
should  include  the  collection  of  all  matches  or 
lighters  from  all  personnel  entering  any  building 
where  explosives  are  present.  An  area  safe  for 
smoking  should  be  designated  away  from  any 
explosive-containing  buildings.  Electric  lighters 
should  be  provided  at  such  areas  if  smoking  is  to 
be  permitted. 

During  operations  only  persons  absolutely 
necessary  to  carry  out  the  operation  should  be 
present  when  any  explosives  are  within  the  area. 
Segregation  of  areas  with  blastproof  partitions  is 
an  asset  in  maintaining  good  production  output 
with  a  minimum  number  of  employees  actually 
handling  or  exposed  to  the  explosive  charges. 

This  sefiaration  of  areas  and  use  of  only  an 
essential  number  of  employees  is  required  to 
minimize  the  effect  of  an  accident. 

Often,  an  explosive -forming  facility  be¬ 
comes  a  major  point  of  interest  to  management 
and  to  other  personnel  in  the  area.  Many  visitors 
can,  therefore,  be  expected,  and  unless  a  firm  set 
of  rules  has  been  established  with  the  means  for 
their  enforcement,  a  considerable  amount  of 
responsibility  is  placed  on  the  man  in  charge.  He 
will  not  only  be  responsible  for  the  routine  opera¬ 
tion,  but  will  be  concerned  with  visitors  in  the 
area  and  their  control. 

The  amount  of  explosive  stored  within  the 
facility  should  always  be  kept  to  a  minimum  and 
preferably  should  not  exceed  the  supply  required 
for  1  day's  operation.  For  temporary  storage  of 
explosives  within  the  facility,  a  small  storage  con¬ 
tainer  can  be  made  from  a  discarded  refrigerator. 
The  caps  should  be  stored  in  one  and  the  explo¬ 
sives  in  another.  The  main  storage  of  explosives 
for  the  operation  should  be  at  some  distance  from 
the  facility. 

Various  types  of  e.  olosive  magazines  can  be 
constructed,  depending  c  .1  the  amount  of  explosive 
to  be  stored  at  any  one  time.  An  igloo-type  maga¬ 
zine  should  be  used  where  the  quantity  of  explosive 
stored  exceeds  500  pounds.  Where  less  than  this 
amount  will  be  stored,  a  kss  expensive  wood  or 
sheet  metal  magazine  can  be  constructed.  Speci¬ 
fic  instructions  for  the  construction  of  magazines 


may  be  obtained  from  explosive  authorities. 

The  magazine  serves  two  primary  functions;  it 
secures  the  explosives  from  unauthorized  tamper¬ 
ing,  and  it  protects  the  explosives  from  the 
elements. 

Misfires  during  an  operation,  which  can 
result  from  a  number  of  causes,  are  extremely 
hazardous  and  time  consuming.  It  is,  therefore, 
necessary  that  established  procedures  be  followed 
carefully,  so  that  the  possibility  of  a  misfire  is 
held  to  a  minimum.  Improper  connections  to 
caps  can  be  detected  by  the  use  of  a  continuity 
meter  in  the  firing  circuit.  Only  a;i  approved 
meter  should  be  used  for  this  purpose,  since  a 
standard  ohmmeter  can  cause  premature  detona¬ 
tion  of  blasting  caps.  A  continuity  meter  will 
only  supply  information  as  io  the  completeness  of 
the  circuit  and  will  not  indicate  if  the  lines  are 
shorted.  Precautions  should,  therefore,  be 
taken  to  make  sure  that  a  short  does  not  occur 
during  the  immersion  of  the  setup  for  firing  in 
the  water  tank.  Incorrect  placement  of  the  blast¬ 
ing  cap  or  use  of  an  improper  size  of  blasting 
cap  may  result  in  the  firing  of  the  cap  but  not  the 
explosive  charge.  This  will  result  in  the  cap 
breaking  up  the  explosive  charge  and  distributing 
it  throughout  the  water  tank.  The  hazards  of 
explosives  in  the  water  tank  were  discussed 
earlier  under  equipment. 

Precautions  to  be  taken  after  the  firing 
circuit  has  been  energized  and  the  charge  does 
not  detonate  include  a  check  of  the  continuity  of 
the  circuit,  and  if  the  circuit  is  good,  another 
attempt  to  fire  the  charge  should  be  made.  If  this 
fails,  the  firing  circuit  should  be  disconnected 
from  the  power  source  and  the  jxiwer  source 
checked  for  proper  output.  If  no  difficulty  is 
found  with  the  power  source,  the  lead  wires  in 
the  firing  circuit  can  be  checked  visually  from  a 
distance  to  determine  if  any  shorts  have  occurred. 
Under  no  circumstances  should  the  charge  be 
brought  to  the  surface  for  examination  until 
fifteen  (15)  minutes  have  elapsed  from  the  last 
time  attempts  were  made  to  fire  the  charge.  All 
personnel  should  leave  the  area  during  this  wait¬ 
ing  period.  This  ■'cquirement  is  necessary  due  to 
the  possibility  of  a  "hang  fire"  in  the  cap.  After 
the  specified  time  has  elapsed,  the  charge  should 
be  brought  to  the  surface  and  a  new  cap  placed  on 
it.  The  charge  can  then  be  fired  in  the  normal 
manner. 

When  defective  blasting  caps  are  foimd, 
they  should  be  destroyed  with  any  other  scrap 
explosive  at  the  close  of  operations  each  working 
day.  The  scrap  explosive  should  be  accumulated 
at  some  point  other  than  with  the  new  explosive 
material.  The  scrap  material,  provided  the 
quantity  is  not  too  great,  can  be  destroyed  by 
placing  it  in  a  plastic  bag.  The  bag  can  then  be 
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wounu  witii  r^xXjuAaCord  cind  xxiiiticrscd  in  t»c 
production  water  tank  for  detonation. 

The  exudation  from  dynamite  presents  a 
problem  in  its  use.  When  the  explosive  be¬ 
comes  soft,  it  should  be  destroyed,  since  tke 
nitroglycerin  which  is  coming  out  of  solution  and 
causing  the  softening  is  as  sensitive  to  shock  as 
the  raw  nitroglycerin.  When  dynamite  is  used  in 
an  explosive-forming  operation,  a  maximum  stor¬ 
age  time  of  6  months  should  not  be  exceeded.  If 
some  of  the  dynamite  does  become  soft,  it  should 
be  destroyed  by  burning  in  an  approved  area.  The 
sticks  should  be  opened  and  spread  over  a  flam¬ 
mable  material  such  as  excelsior  in  a  long  line. 
Additional  flammable  material  is  then  spread 
from  the  line  to  act  as  a  fuse,  so  that  sufficient 
time  is  available  for  the  personnel  to  leave  the 
area  before  the  flame  reaches  the  explosive.  Any 
such  area  used  for  the  burning  of  explosives 
should  be  considered  a  contaminated  area  and 
should  be  secured  from  unauthorized  admittance. 

In  the  operation  of  an  explosive-forming 
facility,  safety  is  one  of  the  primary  considera¬ 
tions  and  should  be  practiced  as  a  full-time  job. 
One  man  who  has  demonstrated  that  he  is  safety 
conscious  sho«ild  be  in  complete  charge  of  the 
operation.  His  management  should  make  sure  that 
he  has  complete  authority  over  the  facility  and  its 
operations.  Operations  where  large  quantities  of 
explosives  are  used  every  day  have  demonstrated 
an  excellent  safety  record  with  an  accident  fre¬ 
quency  rate  about  one-half  that  of  all  industry. 

By  following  the  practices  which  have  been  estab¬ 
lished  over  years  of  experience  with  explosives, 
an  explosive-forming  operation  can  achieve  an 
equally  good  safety  record. 

DIE  SYSTEMS  AND  MATERIALS 


One  of  the  main  economic  advantages  in 
using  explosive  forming  is  that  only  one  tool  com¬ 
ponent  is  required.  The  force  or  shockwave 
generated  from  the  explosive  charge  acts  au  the 
punch  for  this  system,  and  through  design  of  the 
shape  of  the  explosive  and  selection  of  the  trans- 
xnitting  mediiim  the  characteristics  of  the  force 
applied  to  the  workpiece  can  be  modified.  The 
geometry  of  explosive  charges  is  related  to  the 
specific  shapes  to  be  formed.  This  relationship 
is  discus'jed  in  more  detail  in  subsequent  discus¬ 
sions  of  current  explosive-forming  applications. 
Tooling  concepts  and  transmission  mediums  as 
applied  to  explosive-forming  operations  are  des¬ 
cribed  in  this  section. 

Die  Considerations 


Basic  differences  in  tooling  concepts  for 
explosive-forming  operations  arise  from  the  type 


of  loading  which  the  tnaicri«u.  in  the  dtc  xuUSt  be 
able  to  withstand.  The  high-impact  loads 
associated  with  the  transmission  of  shock  waves 
through  the  material  lead  to  unusual  types  of 
stress  patterns  within  the  material  and  as  a 
result  comers  should  be  eliminated  where  possi¬ 
ble.  This  procedure  mininuzes  the  possible 
reinforcement  of  the  stress  wave  resulting  at 
corners  and  the  resulting  failures.  .\n  example 
of  this  phenomenon  is  found  when  an  explosive 
charge  is  detonated  inside  a  cylindrical  cavity  of 
a  part  with  a  square  outside  configuration. 

Under  static  loading  conditions,  the  material 
fails  at  the  thinnest  cross  section  of  the  tube; 
under  explosive  loading  conditions,  the  material 
fails  at  the  corners  or  the  heaviest  cross  section. 
Figures  13  and  14  show  the  modes  of  failure  for 


FIGURE  13.  MODE  OF  FAILURE  UNDER  STATIC 
INTERNAL- LOADING  CONDITIONS 


FIGURE  14.  MODE  OF  FAILURE  UNDER 
DYNAMIC  INTERNAL¬ 
LOADING  CONDITIONS 

the  conditions  of  static  loading  and  dynamic  load¬ 
ings.  Failures  of  this  kind  are  more  likely  when 
the  safety  factor  is  lowered  to  conserve  the 


weight  of  dies.  It  is  also  an  important  factor  in 
materials,  such  concrete,  which  are  charac¬ 
terized  by  high  compressive  strengths  but  low 
tensile  strengths.  In  such  materials,  the  reflec¬ 
tion  of  or  reinforcement  of  stress  waves  may 
change  the  stress  from  compressive  to  tensile 
and  cause  failure. 

The  surface  of  the  dies  should  be  as 
snoooth  as  the  surface  desired  on  the  parts  to  be 
made.  Due  to  the  high  loading,  characteristic  of 
the  explosive-forming  process,  excellent  surface 
reproduction  from  the  die  will  occur  on  the  part. 
Although  this  may  be  desirable  in  some  cases,  it 
generally  requires  that  the  die  have  a  good  finish. 
Where  a  die  must  be  split  to  facilitate  the 
removal  of  a  completed  part,  it  should  be 
expected  that  some  marking  of  the  part  at  the 
parting  line  will  occur.  The  forces  involved  will, 
in  most  cases,  be  sufficient  to  open  the  die 
slightly  under  heavy  loading  conditions  and  re¬ 
sult  in  the  extrusion  of  material  into  the  crack 
between  die  sections. 

In  determining  the  strength  of  dies 
required,  the  peak  pressure  which  is  to  be  used 
for  the  forming  operation  is  the  primary  con¬ 
sideration.  Once  the  peak  pressure  value  has 
been  established,  conventional  methods  of  stress 
analysis  may  be  applied  to  the  die  design.  The 
yield  strength  of  the  die  mat  'ial  is  normally 
taken  as  the  working- strengtu  level  and  a  safety 
factor  of  four  is  applied  to  obtain  the  design 
stress  level  to  be  considered  in  the  die  design. 

If  some  uncertainty  exists  as  to  the  })eak  pres¬ 
sure  which  will  be  used  on  the  final  production 
run,  sonoe  estimate  should  be  made  of  the  maxi¬ 
mum  peak  pressure  which  might  be  required,  and 
this  in  turn  used  for  calculating  the  die 
requirement. 

The  wall  thickness  of  the  die  needed  for  a 
drawing  operation  can  be  determined  by  con¬ 
sidering  that  the  die  acts  as  an  end  closure  of  a 
high-pressure  tank.  The  maximum  stress  occurs 
near  the  upper  edge  of  the  die,  since  the  bottom 
of  the  dies  are  normally  flat  and  equally  sup¬ 
ported.  The  formula  for  stress  concentration  in 
a  heavy-wall  cylinder  can,  therefore,  be  used  as 
a  good  approximation  of  the  thickness  of  material 
required  in  the  die  wall.  The  thickness  in  the 
base  of  the  die  should  be  eqiud  to  that  used  in  the 
die  wall  for  proper  stress  distribution  under 
shock-loading  conditions. 

At  one  time,  "dieless"  explosive  forming 
was  expected  to  offer  major  advantages;  however, 
the  technique  has  since  been  relegated  to  experi¬ 
ments  for  establishing  basic  znaterial  behavior 
patterns.  Dieless  forming  consists  of  simply 
supporting  the  outside  edge  of  the  parts  to  be 
formed  and  letting  the  peak  pressure  determine 


the  amotint  of  forming  obtained.  Some  typical 
tooling  used  for  dieless-formability  studies  is 
shown  in  Figure  15.  The  tolerances  and  repro¬ 
ducibility  obtainable  in  a  dieless-forming  opera¬ 
tion  are  poor  and  for  this  reason  the  process  has 
very  limited  application  to  production.  The  pro¬ 
cess  is  further  limited  to  forming  simple  con¬ 
centric  shapes  such  as  bulging  cylinders  or  form¬ 
ing  dish-shape  parts.  The  dieless-explosive- 
forming  technique  is  potentially  most  useful  in 
the  forming  of  heavy  members  which  must  be 
machined  after  forming,  or  for  very  large  con¬ 
centric  parts  which  do  not  require  a  close 
tolerance. 


Most  explosive-forming  operations  have 
been  performed  in  dies  where  a  vacuum  is  applied 
between  the  blank  to  be  formed  and  the  die  sur¬ 
face.  Where  possible,  some  method  of  sealing 
should  he  made  an  integral  part  of  the  die.  In 
many  cases  the  use  of  rubber  with  a  Shore  hard¬ 
ness  of  about  A-60  projecting  1/16  inch  above  the 
die  surface  has  provided  the  necessary  sealing 
function.  Since  the  explosive-forming  process 
causes  the  metal  to  pick  up  detail  from  the  die, 
the  vacuum  port  in  the  die  should  be  kept  small 


FIGURE  15.  TOOLING  FOR  EXPERIMENTAL 
DIELESS  FORMING 

Upper  left  corner:  ring  die 
Lower  lefthand  comer:  loose 
hold-down  ring  for  blank 
positioning 

Center  right:  wood  and  paper 
tube  Priinacord  charge  holder 
Upper  and  lower  right,  respec¬ 
tively:  parted  and  complete 
formed  flange  test  parts 
Courtesy  North  American 
Aviation,  Inc. ,  Coltunbus, 
Division. 
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and  located  in  an  area  of  the  die  where  it  can  be 
removed  from  the  part  in  subsequent  trimming 
operations.  If  this  is  not  possible,  then  the  vent 
hole  should  be  located  in  an  area  of  the  part  in 
which  it  would  not  be  detrimental  to  form  a 
dimple. 

Hold-Down  Ring  Design 

A  hold-down  ring  of  some  type  is  generally 
required  to  prevent  wrinkling  of  the  part  as  the 
blank  is  drawn  into  the  die.  The  size  of  the  hold¬ 
down  ring  and  the  clamping  pressure  required 
depend  on  the  material  being  formed.  With  a 
soft  material,  such  as  annealed  aluminum,  very 
little  hold-down  pressure  is  required,  while 
materials  like  stainless  steel  require  high  pres¬ 
sures  to  prevent  wrinkling.  The  hold-down  ring 
should  be  made  of  a  material  strong  enough  to 
withstand  repeated  impacts  without  deforming. 

The  die  shown  in  Figure  16  was  used  to  explo¬ 
sively  form  0.  040- inch-thick  Type  350  stainless 
steel  tank  ends.  The  1-inch-thick  hold-down 
ring  on  the  die  warped  upward  in  the  ce.iter  after 
approximately  50  impacts  and  this  prevented 
adequate  control  of  the  hold-down  pressure  on 
the  blank.  A  new  hold-down  ring  that  was  2 
inches  thick  received  over  100  impacts  without 
showing  any  signs  of  warping. 


FIGURE  16.  HOLD-DOWN  RING  WHICH  WAS 
UNSATISFACTORY  BECAUSE 
IT  WAS  TOO  THIN 

Courtesy  of  North  American 
Aviation,  Inc. ,  Columbus 
Division. 

As  illustrated  in  the  photograph,  bolts  are 
often  used  to  clamp  the  hold-down  ring  to  the 
blank  and  die.  The  use  of  bolts  is  inefficient  on 


the  basis  of  time  required  to  load  and  unload  « 
die,  but  is  probably  the  most  efficient  on  the 
basis  of  applying  holding  force.  Various  clamp¬ 
ing  loads  can  be  obtained  from  standard  bolts  at 
various  torqce  levels;  a  1-inch  bolt  with  900  ft-lb 
of  torque  v/ill  apply  a  clamping  load  of  approxi¬ 
mately  50,000  pounds.  To  obtain  this  same 
amount  of  loading  with  a  hydraulic  activation  de¬ 
vice  operating  on  a  3000-psi  system  would  re¬ 
quire  a  cylinder  diameter  of  more  than  4.  5 
inches.  Each  jack  for  clamping  would  then  re¬ 
quire  a  spacing  minimum  of  10  inches  to  obtain 
the  same  loading  at  each  jack  clamp  as  a  1- inch- 
diameter  bolt.  The  bolts  could  be  placed  on  a 
spacing  of  2  inches,  however,  which  means  that 
on  the  basis  of  clamping  force,  the  bolts  could 
be  five  times  more  efficient  than  a  hydraulic 
clamping  jack.  For  materials  such  as  aluminum, 
which  do  not  require  high  clamping  forces  in  the 
hold-down  ring,  hydraulic  clamping  jacks  can  be 
a  very  efficient  time  saver  for  loading  and  unload¬ 
ing  the  dies.  A  heavy-duty  hydraulic  clamp  used 
in  explosive-forming  operations  is  shown  in 
Figure  17. 


FIGURE  17.  HYDRAULIC  JaCK  FOR  CLAMPING 
HOLD-DOWN  RINGS  ON 
EXPLOSIVE- FORMING  DIES 

Courtesy  of  Astronautics  Division, 
General  Dynamics  Corporation. 

Force  is  applied  to  a  hold-down  ring  to  pre¬ 
vent  wrinkling  of  the  blank  as  it  is  drawn  into  the 
die.  In  order  to  accomplish  this,  enough  force 
must  be  applied  to  prevent  buckling  in  the  flange, 
but  not  enough  to  produce  tensile  failures  in  the 
regions  being  ironed  or  stretched.  A  graphic 
analysis  of  the  holding  force  required  and  the 
range  within  which  it  should  operate  is  presented 
in  Figure  18  where^^^^ 


Tension  in  fhe  Cup 
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A  =  the  minimom  preCaure  required  to  pre¬ 
vent  flange  buckling 

B  -  the  ideal  pressure  required  to  produce 
maximum  formability  where  flange 
buckling  and  ironing  is  permitted 

C  =  a  low  pressure  such  that  the  ironing 
raises  the  cup  wall  tension 
excessively. 


cup  wall  t«nsion 


C  BA  A-47979 

Blonk  Header  Pressure  — •- 

FIGURE  18.  CUP  WALL  TENSION  VERSUS 

BLANK  HOLDER  PRESSURE(23) 


In  some  special  cases  where  the  parts  to 
be  made  are  concentric,  it  is  possible  to 
eliminate  the  requirement  for  a  hold-down  ring. 
The  die  shown  in  Figure  19  was  used  for  forming 
titanium  ring  channels  at  room  temoeratures. 

The  blank  was  positioned  so  that  it  was  sup¬ 
ported  both  on  the  plug  taper  at  the  center  of  the 
die  and  on  the  taper  at  the  outside  of  the  die.  As 


FIGURE  19.  DIE  FOR  FORMING  WITHOUT  A 
HOLI>-l>OWN  RING 

Courtesy  of  North  American 
Aviation.  Inc. ,  Columbus 
Division. 


the  blank  was  driven  into  the  die,  all  of  the  edoea 
remained  under  a  compressive  stress  so  that  the 
greater  amounts  cf  forming  could  be  obtained. 

The  holes  at  the  bottom  of  the  die  served  as 
vents,  so  that  a  vacuum  was  not  required.  The 
same  technique  has  been  used  for  forming 
cones, (24)  v^here  the  blank  is  situated  on  a  taper 
leading  into  tne  die.  This  technique  can  provide 
savings  when  aboveground  operations  are  utilised. 
If  it  is  necessary  to  fire  in  a  water  tank  then  seal¬ 
ing  and  a  vacuum  v/ould  be  required,  along  with 
soma  type  of  &  hold-down  ring. 

Materials  for  Solid  Dies 

Solid  dies  made  from  heat-treated  alloy 
steel  maintain  contour,  surface  finish,  and 
dimensional  accuracy  for  a  relatively  long  time. 
To  avoid  brittle  fracture  when  slight  overloads 
are  experienced,  only  steels  with  good  toughness 
and  impact  resistance  should  be  used  for  explo¬ 
sive  forming  dies,  thus  a  maximum  hardness  of 
50  Rcckwell  C  is  normally  desirable.  Steel  dies 
are  normally  limited  to  applications  where  simple 
machining  operations  can  be  used  to  sink  the  die 
or  where  a  high  strength  and  long  life  are  r>- 
quired.  The  utilization  of  steel  dies  for  large 
parts  is  sometimes  limited  by  the  size  of  raw 
material  available  or  the  capacity  of  equipment 
which  can  machine  or  heat  treat  large  dies.  Steel 
inserts  can  be  used  to  reduce  the  cost  of  die 
preparation.  Where  lettering  or  special  details 
are  reauired,  the  shapes  can  be  machined  in  flat 
sheet  stock  which  is  then  formed  to  fit  the  contour 
of  the  die.  Anchoring  of  the  inserts  can  be 
accomplished  by  either  spot  welding  or  flush 
riveting  the  inserts  to  the  die  surface. 

Some  of  the  steels  which  might  be  con¬ 
sidered  are  the  AISI  4100  and  4300  grades  as  well 
as  the  tool-steel  Grades  S-1  through  S-5.  Where 
the  need  for  Icng  life  and  good  surface  finish  does 
not  justify  the  cost  of  tool  steels,  mild  steels 
such  as  the  AISI  1010  or  1020  steels  may  be  good 
alternative  choices.  In  practice,  a  Irgtat  coat  of 
lubricating  oil  over  the  steel  die  surface  after 
each  forming  operation  will  provide  sufficient 
protection  from  rusting.  In  addition,  steel  dies 
should  be  dried  ana  coated  with  oil  at  the  close  of 
each  day's  operation. 

Klrksite,  which  has  been  widely  used  in 
explosive  forming,  is  a  castable  zinc-base  alloy, 
containing  about  95  per  cent  zinc  and  small 
amounts  of  <JlumLrum  and  mjuganese.  This 
material,  which  melts  at  717  F  and  baa  a  density 
of  6.  7  grams  per  cubic  centimeter,,  provides  for 
good  shock-wave  transmission  through  the 
material.  The  ultimate  strength  of  Kirksite  in 
tcnsicr.  is  35,000  psi  and  the  ultimate  compres¬ 
sive  strength  is  75,000  psi.  Tooling  made  from 
this  material  may  be  cast  to  a  rough  configuration 


io  rcuuf^c  ihc  tcsi  of  operations  or  it 

may  be  used  '.u  composite  iooi^ng.  Kirksite  tool¬ 
ing  is  generally  used  when  the  loadirg  levels  on 
the  die  are  too  low  to  cause  plastic  dcformaticu 
and  dimeneioncl  changes^  being  usually  reserved 
for  prciuction  quantities  exceeding  100  parts. 
One  of  the  largest  single-piece  dias  known  to 
have  been  mads  of  this  rnateriai  is  shown  in 
Figure  11.  The  main  reason  for  the  popularity 
of  Kirksite  as  a  oic  matel'ial  ;n  explrsive- 
forming  operations  -s  that  moiU  aircraft  compan¬ 
ies  have  facilities  for  casting  it.  Kirksite  has 
been  a  standard  material  far  drop-hammer  dies 
\n  the  K.ircraft  industry  and  it  may  be  readily 
reclaimed  by  melting  when  a  job  is  completed. 

Aluminum  has  been  used  for  dies  to  a  very 
limited  extent  in  explosive- forming  operations. 

It  does  not  appear  to  have  any  particular  advan¬ 
tage  over  other  die  materials  which  would  war¬ 
rant  its  use  other  than  ease  of  machining.  Tool¬ 
ing  life  is  low  due  to  the  low  yield  strength  of  the 
material,  and  it  appears  to  have  very  limited 
applicationc  for  the  future. 

The  use  of  ductile  iron  dies  appears  to 
have  stemmed  from  the  desire  for  a  stronger 
material  which  was  relatively  easy  to  cast  and 
machine,  it  aas  a  tensile  yield  strength  of 
45,000  psi  and  a  compressive  yield  strength  of 
about  55,000  psi.  It  can  be  ccnaldered  for  low- 
cost,  elevatea- temperature  toolingj  since  it 
maintains  a  yield  ctvength  oi  about  35,000  psi  at 
800  F.  Ductile  iron  holds  a  good  surface  finish 
under  repeated  -mpacts  and  retains  its  shape 
without  the  growth  often  associated  with  Kirksite 
dies.  Dies  made  of  nodular  iron  have  worked 
quite  well  in  production  and  as  a  result  it  is 
believed  to  be  one  of  the  better  tooliiig  materials 
for  explosive  forming.  This  material  is  more 
expensive  to  use  as  a  die  material  than  Kirksite 
due  to  its  high  melting  b'.mperavure  and  poorer 
macbmability.  It  does,  however,  have  very 
excellent  qualities  for  long  life  in  an  explosive- 
forming  opeiation  which  will  often  offset  the 
initial  additional  cost  of  using  this  material. 

Reinforced  concrete  has  been  considered 
for  the  construction  of  large  dies  exceeding  the 
machining  capabilities  of  all-metal  dies.  The 
ease  of  producing  large  concrete  dies  ie  one  of 
its  primary  advantages,  although  its  disadvan¬ 
tages  include  a  low  tensile  strength.  About  30Ci)- 
psi  ultimate  strength  in  tension  is  tlic  maximum 
design  strength  for  concrete.  The  use  ot  rein- 
forcemeut  will  increase  this  strength  level 
according  to  the  amoutut  of  reinforcement  used. 
The  compren&ive  strength  of  concrete  is  about 
3^,  000  psi  atid  long  as  the  die  can  be  decigned 
to  accept  its  maximum  stress  in  compression,  it 
can  be  used  quite  satisfactorily.  Caution  should 
be  used,  however,  in  judging  the  grots  strength 


o£  concrete  dies,  since  it  is  quite  easy  to  exceed 
the  *enfcHe  strength  of  il's  surface  by  shock- wave 
reflections,  even  though  the  die  is  initially  loaded 
.n  compfessinn. 

The  use  of  solid  plastic  dies  has  not  been 
verv  successful.  The  low  strength  of  the 
material  coupled  with  its  low  density  make  F 
unsuitable  for  more  than  several  impacts  before 
criicking.  Porosity  In  the  plastic  may  also  con¬ 
tribute  to  its  instability  under  impact-loading 
conditions.  Another  drawback  is  the  disparity 
between  the  meduius  of  elasticity  of  the  plastic 
and  the  metals  being  formed;  a  large  mismatch 
will  permit  overforming  to  occur.  Surrounding 
the  plastic  in  a  strong  steel  case  has  helped  to 
overcome  some  of  these  difficulties,  but  the  cost 
of  the  case  is  normally  so  high  that  a  cheaper 
die  could  have  been  made  at  less  cosv  frorr  colid 
metal. 

Plaster  has  been  used  for  one-ghot  dies 
when  only  one  piece  i3  req  rred.  The  reasMi  that 
a  bx'ittle  material  such  as  plaster  can  be  usod  for 
a  die  in  explosive*  forming  operations  io  related 
to  the  speed  of  impact.  Smee  the  rttt  of  loading 
is  very  fast,  the  imprint  .)f  a  britile  material  can 
be  t'.'i  nsfe-rei  to  ^  metul  surface  before  the  die 
crumble i..  Applications  for  rbea;;-  plaster  dies 
appear  tc  be  very  limited,  •-jldiouph  they  might  be 
considered  where  only  a  few  .’arts  are  required. 
As  with  plf  '  cs,  better  results  arc  obtained  if 
the  plaster  die  is  contained  by  a  mrlal  u^totoer 
so  that  the  plaster  is  loaded  ut  compresaior.  fo  tuo 
greatest  extent  possible.  Caais  should  be 
cylindrical  in  shape  to  nrinimiza  stress 
concentrations. 

One  company  has  recently  roportad  the  use, 
of  ice  a^  a  die  for  explosive  forming. Tkd 
advantages  listed  for  the  use  of  ice  include  i^« 
low  cojnpresoifaility,  ease  i>i  cutting  and  shapii^, 
and  simplicity  of  repair,  .\ithough  the  dies  are 
rather  inexpensive  to  prepare,  the  auxiliary 
equipment  for  freezing  the  water  and  maiutainli^ 
the  dies  in  a  frozen  state  caw  be  rather  er pensive. 
Since  Ice  has  a  law  tensile  strength  but  a  high 
compressive  strength,  the  concepts  of  tooling 
design  for  materials  such  as  concrete  should  also 
be  applied  to  tj.e  use  of  ice. 

Materials  ter  Corapesite  Dies 

Epoxy  facings  have  been  used  successfully 
on  concrete  dies.  (20,2  f)  The  epoxy  may  contain 
reinforcing  glass  cloth  or  cfay  simply  be  a 
smoothing  agent.  The  use  of  this  material  with 
concrete  is  of  particular  interest  since  it  is  easy 
to  apply,  provide?  a  smooth  surface,  end  by  mini¬ 
mizing  shock-wave  irregularities  it  helps  to 
maintain  a  compressive- stress  state  in  the  con¬ 
crete.  The  epoxy  may  be  applied  directly  to  the 


lb 


*ui/ace  of  the  concrete  and  then  swept  to  the 
desired  contour,  a  procedure  which  should  be 
corsidered  for  very  large  dies.  Alternatively, 
a  glas S' reinforced  plaetic  laminate  may  be  made 
from  a  master  and  then  backfilled  with  plastic  in 
the  concrete  dies.  Experience  has  indicated  that 
where  heavy  loading  is  encountered,  the  life  of  a 
plastic  laminate  is  about  25  parts  before  it  starts 
to  crack  and  requires  replacement.  Due  to  the 
low  cost  of  replacement  this  is  not  considered  a 
serious  disadvantage. 

The  use  of  plastic  laminates  in  Kirksite 
dies  of  complex  shapes  will  provide  a  consider¬ 
able  savings  in  die-sinking  time.  The  Kirksite 
die  body  is  cast  roughly  to  shape  and  then  a 
plastic  laminate  which  has  been  made  from  a 
plaster  master  is  seated  into  the  die  by  backfill¬ 
ing  with  a  resilient  plastic.  The  amount  of 
resilient  plastic  should  be  maintained  at  a  mini¬ 
mum,  since  reflected  tensile  waves  set  up  by  the 
difference  in  density  between  the  laminate  and  the 
metal  die  body  can  cause  separation  at  the 
interface. 

Since  most  concrete  dies  will  withstand  at 
least  one  impact  without  disintegrating,  it  is 
quite  '^asible  to  sweep  a  concrete  die  slightly 
oversize  by  the  thickness  of  the  metal  liner  which 
to  be  installed.  The  metal  liner  is  installed  by 
explosive  forming  it  into  the  die  and  then  the 
liner  serves  as  the  die  surface  for  all  subsequent 
operations.  The  tolerances  of  a  die  prepared  by 
this  tc&hniqtxe  depend  on  the  tolerances  obtained 
in  the  sweeping  operation  as  well  as  on  the  toler¬ 
ances  on  the  thickness  of  the  metal  liner  which  is 
placed  into  the  die.  The  main  advantages  of  this 
type  of  die  construction  are  the  ability  to  obtain 
a  snaooth  die  surface  by  polishing  the  liner  in  the 
flat  before  placing  it  into  the  die  .and  the  die  will 
possess  a  longer  life  than  that  of  pla  tic  liners. 
Difficulty  has  been  experienced  with  pulverization 
of  the  concrete  behind  tha  metal  liner  which  will 
result  in  progressively  deteriorating  tolerances 
if  many  parts  are  required. 

Lubricants 

Lubricants  are  seldom  employed  in 
e]q>losive-forming  operations  because  the  contact 
area  between  tooling  and  workpiece  is  smalL 
The  total  contact  area  in  exploeiv-<;  forming  may 
be  only  a  tenth  of  that  for  conventional  forming 
operations  with  punches.  Under  certain  condi¬ 
tions,  however,  weldixig  may  occur  between  the 
pari  and  the  die,  requiring  reworking  of  the  dies. 
Suitable  lubricants  would  be  expected  to  prevent 
seizing,  galli^,  and  welding  in  these  operations 
and  are  only  used  when  initial  forming  tests  indi¬ 
cate  their  need.  Although  rare,  such  difficulties 
are  most  likely  to  be  encountered  in  forming 


aiuminiitn  f^r  in  siz-ins  operations  with  hirh 
explosive-shock  pressures. 

Some  of  the  standard  conventional  deep- 
draw  lubricants  such  as  Hevi-Draw  Liquid 
Lubricant,  Shell  Deep'Draw  Lubricant,  Shell  STP, 
Dow  Corning  Silicon  Lubricant,  Dow  Corning 
No.  4,  Vaseline,  ^nd  wax  have  been  used  in 
explosive -forming  operations.  In  genercl  the 
lubricants  appear  t.,  be  desirable  when  heavy- 
plates  are  involved.  The  benefits  derived  from 
lubricants  used  by  various  investigators  are  not 
known. 

Since  refractory  metals  must  be  formed  at 
elevated  temperatures,  lubricants  used  in 
explosive-forming  operations  of  these  materials 
must  be  able  to  withstand  the  elevated  tempera¬ 
ture  involved.  The  work  which  hcT  been  con¬ 
ducted  on  the  explosive  forming  of  refracto’-y 
metals  has  not  defined  the  requirements  for  a 
lubricant  in  this  operation.  Glasses  which 
have  been  used  as  lubricants  for  refractory  tiietals 
in  conventional  metalworking  operations  may  be 
satisfactorv.  (29) 

Trancmission  Mediums 

The  transmission  medium  se’-ves  as  the 
connecting  link  between  the  explosive  charge  and 
♦he  part  which  is  to  be  formed.  The  energy  from 
the  explosive  is  transmitted  in  the  form  of  a  shock 
wave  and  is  attenuated  as  a  function  of  the 
characteristics  of  the  medium  and  explosive. 

Most  of  the  early  work  in  explosive  forming  was 
performed  in  air,  which  provided  very  high  peak 
pressures  for  very  short  time  periods,  usually 
a  few  microseconds.  Consequently,  the  total 
impulse  available  for  forming  was  less  than  that 
for  a  liquid  medium  which  provides  sli.<?htly 
greater  confinement  of  the  charge  and  higher 
efficiencien  in  terms  of  total  impulse.!'^)  The 
size  of  charge  required  for  ferming  a  given  part 
in  wfeter  is  reduced  approximately  80  per  cent  as 
compared  to  a  charge  which  would  be  required  if 
the  forming  was  accomplished  in  air.  Further 
reductions  in  noise  can  be  achieved  through  the 
use  of  transjnisrion  media  denser  than  water. 

Liquid  Medium.* 

An  explosive  generates  two  types  of  energy 
which  srau  be  harnesjcd  to  perform  a  forming 
operation.  The  shock  w'jve,  which  travels  above 
the  speed  of  round  in  the  medium,  reaches  the 
workpiece  first.  It  is  followed  by  the  pressure 
wave  generated  by  thr  gas  bubble  expanding  from 
the  site  of  tlss  explosion.  By  equa)iziD(;  the  pres¬ 
sure  and  increasing  tli-?  dwell  time,  this  wave 
assists  in  forming  thin  materials  and  those  which 
are  sctnoitive  to  springback. The  shapes 
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of  shock,  waves  and  gas  bubbles  ge.ic rated  by 
dexonAiing  cnc&rgca  wXui  different  5hopr€5^  in 
water,  are  shown  in  Figure  20. 
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Sphericoi  Charge  Denoted  in  Woter 


FIGURE  20.  SHAPES  OF  SHOCK  WAVES 
PBODUCED  BY  EXPLOSIVES 
OF  DIFFERENT  SH.\PESt32) 

Water  proved  to  be  one  of  the  bed 
^udiums  for  explosive-forming  operations,  be¬ 
cause  it  is  readily  wvailrble  in  most  locations, 
inexpensive  to  use  and  produces  excellent  re¬ 
sults.  Since  the  energy  absorbed  by  a  medium 
is  related  to  its  density,  it  would  be  expected  that 
considerably  more  energy  would  be  lost  by  waves 
transmitted  through  a  liouid  thatr  through  air. 

This  apparent  loss  of  energy  is,  however,  more 
than  compensated  for  by  the  additional  confine¬ 
ment  of  the  explosive  charge  and  the  lengthening 
of  the  pulse  duration  due  tc  the  trapped  energy. 
The  net  result  is  an  increase  in  total  impulse 
available  in  a  liquid  ov.<;r  that  obtained  in  a  gas 
for  the  same  charge  size  and  ctancioff  distance. 
When  a  charge  is  confined  in  a  liquid  snedioxR  and 
the  charge  is  sufficiently  far  from  the  surface  of 
the  water,  several  pulses  may  be  obtained  due  to 
the  ovezexpaasion  a’:id  overcompression  of  the  gas 
bubble  from  the  explosive  charge.  The  gr'^ater 
confinement  of  the  explosive  by  the  water  tends 


to  even  out  the  pulse  distribution  and  to  maintain 
a  pceitivs  orsssurs  a  period  of  tin**  measured 
in  the  millisecond  range.  The  graph  shown  in 
Figure  21  depicts  the  differenco  in  the  pressure- 
time  profile  and  tl.e  resultant  integrated  increase 
in  total  ener|:y  delivered  between  water  and  air 
mediums. 
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FIGURE  21.  PF-AK  PRESSURE  VERSUS 

DISTANCE(33) 

Four-pound  TNT  charge. 

Other  liquids,  such  as  oil,  have  been  used 
for  transmission  mediums  with  good  success. 

They  act  in  the  same  general  manner  as  water 
depending  on  their  d.insity,  but  water  is  gen¬ 
erally  preferred  because  of  easier  handling. 

Higher  density  liquids,  such  as  mercury,  are 
considered  too  expensive  for  general  use.  Some 
additional  materials  which  nave  been  used  include 
talc,  clay,  fuller's  earth,  and  combinations  of 
solids  suspended  in  water.  These  materials  did 
not  exhibit  any  partic^i^ar  advaciages. 

The  differences  in  the  shock-wave  profiles 
with  different  mediums  are  illus'.:rated  m  Fig¬ 
ure  22  by  the  cup  shapes  whirh  were  obtained  in 
air  and  in  various  liquids  with  a  constant  eimtosive 
charge  and  a  standoff  distance  of  1/2  inch. 

The  zwirted  ch(%tact$ristics  of  the  cup  formed  us¬ 
ing  air  as  the  medium  indicates  the  sharp,  short- 
duration  shock  wavs  which  is  generally  obteined 
in  air. 
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FIGURE  22.  EFFECT  OF  MEDIA  ON  CUPPING 

Explosive  EL  506A  constant 
chirgft  size 
Stanaofi  '/2  inch 
Material  1C15  steel 


Soiio  Mediums 


The  use  oi  a  solid  fnediuir  will  protect  tha 
surface  of  the  part  being  formed.  Sometimes 
small  slivers  of  metal  projected  from  the  blast¬ 
ing  cap  or  any  other  material  such  as  wire  which 
is  used  to  attach  the  charge  may  strike  the  sur¬ 
face  of  die  part  and  result  in  scrap.  Difficulty 
may  also  be  cxpc^’caced  from  slight  irregulari¬ 
ties  in  the  explosive  cliarge  which  cause  the 
formation  of  jets.  The  jet  effect  is  smaller  ut.de r 
water  and  will  normally  only  cause  difficulty  at 
ve.'y  small  stand.>ff  distances.  Probably  one  of 
the  most  beneficial  characteristics  of  a  rolid 
medium  is  the  uniform  distribution  of  pressure 
over  she  surface  of  the  part  being  formed. 

Solids  in  the  form  of  rubber  sheets,  cast 
plastics,  or  even  metals  are  sometimes  used  in 
explosive-forming  operations.  Plastics  and  rub¬ 
ber  ma.eria.ls  with  Shore  hardnesses  below  60  on 
the  A  scale  have  been  found  to  improve  form- 
ability  of  some  tretals.  The  use  o>  s  plastic 
transmission  medium  has  proven  especially  use¬ 
ful  io  the  close-tolerancc  8i.iin,’  of  tubing  details. 
The  plastic  tends  to  maintain  the  pressure  for  a 
sufficient  time  at  the  high-pressure  level  to 
minimize  springback  arid  at  the  same  time  does 
not  hold  the  pressure  level  for  a  time  sufficient 
to  exceed  the  delayed  yield  strength  of  stoel  dies. 

??he  use  of  sol>d  metal  plugs  in  the  forming 
of  sholl  configurations  has  also  resulted  in  better 
formabi'ity.  p,  is  posbilated  that  energy 

trapped  within  'i  medium  imparts  a  momentum  to 
*he  medium  which  will  in  turn  do  work  on  the  part 
to  be  formed.  A  similar  etfect  occurs  in  tiapped 
rubber-forming  operations  on  a  drop  hammer. 

A  solic-  medium  will  also  tend  to  even  out  the 
stress-wave  distribution  before  it  enters  the  part 


to  be  forr.ied,  resulting  in  better  formability 
because  unequal  stress  distributions  are  held  to 
a  minimum. 

Elevated-temperature  operations  require 
the  use  of  some  inexpensive  medium  which  will 
maintain  its  characteristics  at  elevated  tempera¬ 
ture  and  will  not  transmit  heat  to  the  explosive 
charge.  Several  materials  including  sand  and 
small  glass  beads  have  been  used  for  this  pur¬ 
pose.  (^5)  If  sand  is  used,  son>'!»  buffer  material 
should  be  placed  over  the  part  to  prevent  im¬ 
bedding  the  sand  into  the  part  or  marking  the  sur¬ 
face,  It  is  believed  that  the  shock  waves  are 
transmitted  through  fine-particle  solids  in  a 
manner  similar  to  the  transmission  In  liquids, 
although  a  suitable  method  of  determining  this 
has  not  yet  been  described. 

Shock-Wave  Transmiosion 


It  has  been  found  that  shock  waves  travel 
th’^ough  a  medium  at  a  velocity  that  is  related  to 
the  speed  of  som.d  in  the  medium,  indicating  that 
good  acoustical  properties  are  associated  with 
hij|h  efficiencies  in  shock-wave  transmission. 
When  a  minimum  of  energy  loss  is  desired  at  an 
interface  between  two  different  mediums,  a  close 
acoustical  impedance  match  should  be  obtained 
between  them.  Since  the  acoustical  impedance 
is  a  function  of  the  density  of  the  medium,  as  a 
first  approximation,  matching  the  densities  of  the 
mediums  helps  to  increase  the  efficiency  cf  the 
system.  The  effect  of  placing  an  intermediate 
medium,  such  as  a  sheet  of  rubber,  over  a  part 
on  the  depth  of  draw  obtained  is  shown  in  Fig¬ 
ure  23.  The  increase  in  rubber  thickness  lowers 
the  maximum  depths  of  draw  but  may  assist  in 
obtaining  a  greater  amount  if  draw  due  to  the 
shape  of  the  cup  profile  obtained.  The  use  of  a 
solid  Intermediate  medium  permits  more 
material  to  draw  fzom  under  the  hold-down  ring 
without  wrinkling  and  without  rupture  of  the  cup 
at  the  apex. 

Ihe  same  reasoning  applies  for  the  imped¬ 
ance  bctvreen  the  explosive  charge  and  the  medium 
in  which  it  is  detonated.  By  obtaining  a  reason¬ 
able  impedance  match  between  the  explosive  and 
the  medi'jm,  only  weak  reflections  occur  between 
the  explosive  and  the  transmission  medium  while 
the  stronger  reflections  occur  at  the  surface  of 
the  medium  container.  If  the  container  walls  are 
shaped  properly,  the  reflections  can  be  used  to 
reinforce  the  shock  wave  which  strikes  the  work- 
piece.  They  may  also  be  directed  to  areas  of  the 
workpiece  which  require  greater  amounts  of 
energy  for  forming.  Although  most  shock-wave 
reflections  are  undesirable,  they  can  be  made  to 
perform  a  useful  function  in  forming  of  noncon- 
centric  parts.  Any  reflectors  which  are  used 


should  be  made  ox  steel  and  be  rigidly  aunported 
since  they  will  receive  a  high  load. 
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FIGURE  23.  EFFECT  OF  INTERMEDIATE 
MEDIA 

Test  was  conducted  on  a  4- inch- 
diameter  cup  die  without  hold¬ 
down  pressure  on  0.  064- inch- 
thick  PH- 1 5-  7Mo  SS  in  the 
annealed  condition.  Standoff 
distance  was  3  inches.  Sixty 
inches  of  100-grain  Primacord 
was  wrapped  around  a  2-inch- 
diameter  tube  to  make  a 
cylindrical  charge.  Rubber 
hardness  was  Shore  A  60. 


CURRENT  APPLICATIONS  OF 
EXPLOSIVE  FORMING 

The  potential  of  explosive  forming  in 
fabricating  shapes  to  close  tolerances  has  been 
the  basis  of  current  applications  work  in  this 
area.  In  this  respect  forming  operations  involv  ¬ 
ing  sheet,  plate,  and  tube  have  received  major 
emphasis.  In  many  instances  large  parts  which 
would  otherwise  reqxtire  extreme  conventional- 
press  capacities  or  parts  which  have  complex 
geometries  are  the  objects  of  interest. 


Explosive  forming  has  been  used  most 
widely  for  producing  parts  from  sheet  metal. 

Most  of  the  early  work  was  done  with  concentric 
shapes,  which  are  characterized  by  symmetry, 
but  more  emphasis  is  currently  being  devoted  to 
nonconcentric  shapes.  With  concentric  parts  the 
tooling  and  charge  placement  are  relatively 
simple,  thus  requiring  a  minimiun  of  experience 
to  produce  successful  shapes.  Nonconcentric 
forms  such  as  beaded  panels,  electrode  forms, 
and  other  n.onsymmetrical  configurations,  involve 
techniques  using  uneven  force  distributions, 
reflectors,  and  shaped  charges.  Through  experi¬ 
ence,  a  better  understanding  of  control  in  such 
systems  has  been  developed  and  as  a  result  the 
use  of  explosive  forming  for  fabricating  such 
shapes  has  increased. 

Tooling  Considerations 

Tooling  requirements  for  the  two  types  of 
configurations  vary  considerably  due  to  the 
geometries  involved.  For  concentric  parts, 
fairly  simple  techniques  such  as  casting  or  lathe 
machining  can  be  used.  The  more  complex  dies 
required  for  nonconcentric  parts  necessitate  hand 
finishing  or  the  use  of  profile  milling.  In  both 
cases,  however,  only  a  female  die  is  required 
since  a  properly  designed  explosive  charge 
provides  the  appropriate  forming  force.  Special 
features  can  be  incorporated  into  both  types  of 
tooling  to  control  metal  deformation  and  minimize 
buckling  effects. 

In  simple  drawing  operations  buckling  is 
prevented  by  the  pressure  applied  to  a  draw  ring. 
With  concentric  parts  an  equal  draw-ring  pres¬ 
sure  is  required  around  the  circumference, 
whereas  variations  in  draw- ring  pressures  are 
needed  with  nonconcentric  parts  to  accommodate 
variations  in  depth  of  draw.  Pressures  can  be 
estimated  for  concentric  configurations,  but  a 
trial-and-error  system  must  be  used  to  establish 
the  required  pressure  patterns  for  nonconcentric 
forms.  In  such  systems  it  has  been  generally 
observed  that  the  pressure  level  for  the  minimum 
depth  of  draw  should  be  decreased  2  to  4  per  cent 
for  areas  of  maximum  draw(17).  Control  of  metal 
movement  during  forming  can  also  be  accom¬ 
plished  by  using  a  bead  around  the  die  to  induce 
more  friction  between  the  blank  and  die.  This 
approach  is  much  less  flexible,  particularly  when 
a  trial-and-error  approach  is  required  in  the 
initial  forming  work. 

Forming  of  thin  sheet  materials  can  be 
assisted  by  slowly  drawing  a  vacuum  between  the 
blank  and  the  die  and  working  out  wrinkles  with  a 
plastic  mallet  as  they  form.  This  procedure 
represents  a  partial  forming,  and  often  sufficient 
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deformation  is  achieved  so  that  only  a  light 
explosive  charge  is  necessary  to  complete  the 
forming. 


A  "plug  cushion"  technique  has  been 
developed  to  provide  additional  mass  in  regions 
where  greater  stretching  is  desired  in  order  to 
yield  a  more  uniform  distribution  of  stresses 
during  explosive  forming.  This  method  which 
permits  greater  depths  of  draw,  results  in  better 
control  of  part  shape  and  more  uniform  thick¬ 
ness  than  the  direct  explosive-forming  approach. 
A  comparison  of  the  two  techniques  is  depicted 
in  Figure  24.  Specific  information  has  not  been 
published  on  this  technique  but  critical 
parameters  have  been  identified  as  chamber 
angle,  density,  and  thickness  of  plug. 


Metallic  form  behavior 
under  explosive  loads 
using  the  plug -cushion 
effect 


Metallic  form  behavior 
under  standard  explosive 
deformation  loads 
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FIGURE  24.  COMPARISON  OF  FORMING  USING 
THE  PLUG-CUSmON  EFFECT 
AND  STANDARD  EXPLOSIVE¬ 
FORMING  techniques'^'*) 


Size  Limitations 


The  maximum  size  of  parts  which  can  be 
formed  explosively  is  limited  only  by  the  size  of 
tooling  which  can  be  constructed.  Probably  a 
more  significant  limitation  on  part  size  will  be 
the  method  of  shipping  large  parts  after  they  are 
formed.  It  is  quite  possible  in  the  future  that  the 
very  large  parts  will  be  formed  on  the  site  where 
they  will  be  used  so  that  shipping  is  held  to  a 
minimum.  The  process  would  be  ideal  for  this 
type  of  operation  because  of  the  comparatively 
low  capital  cost  involved  in  setting  up  a  facility 
for  producing  large  parts.  The  only  drawback  is 


that  it  may  be  undesirable  to  fire  heavy  explosive 
charges  in  some  areas. 

Recently,  work  has  been  initiated  on  the 
forming  of  33-foot-diameter  tank  ends  for  the 
Saturn  missle.(37)  These  will  be  the  largest 
parts  on  which  explosive  forming  has  been  used 
to  date.  The  successful  application  of  explosive 
forming  to  parts  of  this  size  will  provide  the 
information  needed  to  p>erform  even  larger  form¬ 
ing  operations. 

Tolerances 


Tolerances  as  close  as  ±0.  001  inch  have 
been  obtained  on  small  parts  by  explosive  form¬ 
ing,  but  working  tolerances  arc  normally  0.  010 
inch.  The  tolerances  are  directly  related  to  the 
amount  of  pressure  utilized  in  the  forming  opera¬ 
tion,  up  to  a  point  where  die  failure  will  occur. 
The  use  of  plastic  or  rubber  fillers  over  parts 
also  has  a  considerable  bearing  on  the  tolerance 
obtained.  Since  filler  materials  decrease  the 
total  pressure  imposed  on  the  part  but  maintain 
the  pressure  for  a  longer  period  of  time,  the  in¬ 
crease  in  total  impulse  tends  to  improve  confor¬ 
mation  to  the  die  and  minimize  springback.  In 
general  there  are  very  few  instances  where  explo¬ 
sive  forming  cannot  equal  or  better  tolerances 
obtained  by  conventional  forming. 

Measurements  on  large  parts  by  standard 
methods  are  difficult  where  contoured  surfaces 
are  involved.  The  method  of  holding  the  part 
while  the  measurements  are  being  taken  can 
affect  the  measurement  readings.  These  values 
are  particularly  sensitive  to  variations  in  room 
temperature  and  slow  creep  of  the  material  due 
to  its  own  weight.  Another  factor  which  is  often 
overlooked  on  large  parts  is  that  the  dimensions 
measured  at  the  forming  site  may  be  correct  and 
within  specification;  however,  these  values  may 
be  changed  slightly  after  handling  and  shipping. 

The  tyj)e  of  tooling  used  in  the  explosive¬ 
forming  process  also  influences  the  tolerances 
obtainable.  Probably  steel  tooling  is  the  most 
satisfactory  for  holding  close  tolerances  for  long 
production  runs.  Tooling  materials  such  as 
Kirksite  or  plastics  will  flow  under  repeated  im¬ 
pacts  at  high  loads  and  cause  a  gradual  increase 
in  part  dimensions  during  the  production  run. 

A  new  area  for  explosive  forming  is  in  the 
forming  of  plastics.  Most  plastics  have  a  very 
excellent  memory  for  their  original  shape  and 
tend  to  return  to  this  shape  after  being  formed  by 
conventional  equipment.  A  plastic  seal  made  of 
Kel-F  plastic  by  propellant  forming  in  boiling 
water  has  demonstrated  the  usefulness  of  explo¬ 
sive  forming  methods.  This  part  was  formed 


to  a  tolerance  of  :i:0.  001  inch  and  maintained  that 
tolerance  after  storage  for  a  year. 

Placement  of  Explosive  Charges 

In  general,  explosive-forming  operations 
require  that  the  explosive  charges  be  at  some 
standoff  distanc<^  from  the  parts  to  be  formed. 

In  contrast,  a  contact  charge  supplies  too  high  a 
peak  pressure  (above  1,000,000  osi)  and  ran  re¬ 
sult  in  rupturing  of  the  blanx  although  more 
recent  work  with  explosives  of  controllable 
detonation  velocities  ind  peak  pressures  have 
been  successful.  Positioning  of  the  explosive 

charges  can  be  performed  by  a  number  of  tech¬ 
niques  provided  several  conditions  are  met: 

(1)  the  method  of  positioning  should  be  substantial 
enough  that  immersion  of  a  part  in  a  water  tank 
for  firing  will  not  displace  the  charge  out  of 
position,  (2)  the  rigging  for  the  charge  shouM  uot 
result  in  flying  projectiles  which  might  dar.  _  ,e 
the  workpiece,  and  (3)  any  debris  from  the 
rigging  should  be  easily  recoverable  from  the 
water  tank  so  that  the  operation  can  proceed  in 
an  orderly  manner. 

To  meet  these  requirements,  various  types 
of  rigging  materials  have  been  used.  For  large 
parts  small-gage  wire  is  used  which  generally  is 
retrieved  with  the  die.  With  smaller  parts, 
masking  tape  is  normally  preferred  for  locating 
the  explosive  charge  because  it  is  easy  to  handle. 
Permanent  steel  rigging  can  also  be  used  pro¬ 
vided  that  the  charge  is  separated  from  the 
rigging  by  at  least  2  inches.  Cardboard  tubes 
work  well  for  separating  the  charge  from  the 
rigging  provided  that  the  tube  is  not  immersed 
in  the  water  longer  than  5  minutes  before  the 
charge  is  fired.  For  longer  immersion  times  the 
tubes  should  be  sprayed  with  a  plastic  coating. 

Often  it  is  possible  to  obtain  the  same  re- 
stilts  with  different  types  of  charges.  For 
instance,  tank  ends  can  be  formed  with  cylindri¬ 
cal  charge  or  with  an  equal  weight  of  Primacord 
wrapped  on  a  cardboard  tube.  Similar  re- 

stilts  are  obtained  if  the  diameter  of  the 
Primacord  charge  does  not  exceed  twice  the 
diameter  of  the  solid  cylindrical  charge.  Conse¬ 
quently  when  the  supply  of  one  type  of  explosive 
has  been  depleted,  it  is  often  possible  to  utilize 
another  type  which  may  be  on  hand. 

Special  types  of  explosive  charges  are 
generally  required  for  the  forming  of  nonconcen- 
tric  shapes.  These  charges  may  be  shaped  in  a 
manner  which  will  provide  a  variation  of  shock- 
wave  intensity  so  that  the  areas  of  the  part  which 
require  a  greater  amount  of  energy  will  be  prop¬ 
erly  loaded.  The  development  of  such  charge 
shapes  are  especially  difficult  requiring  extensive 
trial-and-error  tests.  Energy  transmission  to 


the  part  can  also  be  varied  through  the  use  of  a 
rubber  blanlcet  covering  those  areas  which  re¬ 
quire  the  least  forming.  In  this  case  relatively 
simple  charge  configurations  can  be  used.  The 
most  widely  used  technique  involves  the  use  of 
multiple  charges  to  work  the  metal  into  the  die  in 
steps. 

Shock-wave  reflectors  are  suitable  for 
producing  parts  which  require  a  deeper  draw  in 
one  particular  region.  They  become  very  com¬ 
plicated,  however,  if  there  is  more  than  one 
such  region  in  a  part.  Generally  trial-and-error 
testing  must  be  employed  since  little  information 
on  the  use  of  shock  reflectors  in  sheet  forming  is 
available. 

Formability  Limits  of  Sheet  Materials 

The  nature  of  various  investigations  con¬ 
cerning  the  formability  of  sheet  materials  by 
explosive  techniques  has  not  yielded  quantitative 
information  on  formability  limits.  Generally, 
the  data  obtained  have  been  related  to  the  types 
of  configurations  that  can  be  formed  and  the  rela¬ 
tive  behavior  of  the  specific  materials  studied 
during  forming.  In  contrast  to  these  studies, 
applications  of  explosive  forming  have  involved 
specific  materials  and  configurations  with  the 
development  effort  devoted  to  process  param¬ 
eters.  As  a  residt,  the  wide  range  of  shapes, 
tooling,  and  process  variations  represented  in 
past  work  do  not  permit  definite  conclusions  as 
to  formability  limits  of  the  materials  investi¬ 
gated.  Observations  of  forming  behavior  do, 
however,  provide  a  comparison  of  the  relative 
ease  of  forming. 

It  has  been  generally  observed  that  both 
austenitic  and  precipitation-hardening  stainless 
steels  can  be  readily  formed  into  shapes  of  intri¬ 
cate  geometry  and  those  requiring  extensive 
elongations.  (^0)  Properly  finished  welds  of  these 
materials  will  also  withstand  similar  deforma¬ 
tions.  Work-hardened  stainless  steels  are 
readily  formed  with  explosives  and  through  pro¬ 
per  scheduling  of  prior  work  and  annealing, 
optimum  mechanical  properties  can  be  obtained 
after  forming.  In  contrast,  carbon  steels  can 
withstand  only  limited  deformation  without 
splitting  and  cracking. 

Aluminum  alloys  including  both  heat- 
treatable  and  work- hardening  types  have  been 
formed  with  very  little  difficulty,  It  has  been 
foimd  desirable  to  conduct  initial  forming  opera¬ 
tions  in  the  annealed  condition  to  minimize 
springback.  Final  forming  can  then  be  accom¬ 
plished  in  the  required  condition  as  in  more  con¬ 
ventional  forming. 
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The  metals  molybdenum,  titanium,  zir¬ 
conium  and  their  alloys  are  difficult  to  form  at 
ambient  temperatures,  (^0)  Preheating  to 
temperatures  on  the  order  of  800  to  1200  F  has 
been  found  to  minimize  the  cracking  and  splitting 
behavior  normally  experienced.  Very  little  data 
has  been  reported  on  explosive  forming  the 
remaining  refractory  metals;  however,  it  is  ex¬ 
pected  that  their  relative  behavior  will  parallel 
that  in  conventional  forming. 

Economics  oi  Explosive  Sheet 
Forming 

Only  limited  information  has  been  published 
on  cost  comparison  of  conventional  forming  and 
explosive  forming.  It  has  been  generally  found 
that  simple  shapes  readily  formed  by  conven¬ 
tional  methods  should  not  be  considered  for  ex¬ 
plosive  forming  since  an  economic  advantage  will 
not  be  realized.  More  complex  shapes  and 
materials  with  special  properties  such  as  the 
work-hardening  characteristics  of  stainless 
steels  and  the  new  classes  of  high-temperature 
alloys  lend  themselves  to  explosive  fabrication. 
Size  considerations  must  also  be  taken  into  ac¬ 
count  since  extremely  large  sizes  may  be  formed 
explosively  that  would  be  impractical  by  conven¬ 
tional  techniques. 


TABLE  5.  COMPARISON  OF  MANUFACTURING  COSTS:  CONVENTIONAL 
VERSUS  EXPLOSIVE  FORMING^) 


Total  Cost, 
100  Qty. 

dollars 

Basis 

Increase  (+) 

or 

Decrease  (-) 
Over 

Conventional 
Form,  % 

Total  Cost, 
500  Qty. 

dollars 

Basis 

Increase  {+) 

or 

Decrease  (-) 
Over 

Conventional 
Form,  % 

Conventional 

Explosive 

Conventional 

Explosive 

Side-Panel- Jet  Pot 

80.64 

89.9) 

+  11.5 

35.44 

55.03 

+  55.3 

8I.29U) 

+  0.8 

49.  23<a) 

+38.  9 

Collar -Outlet 

6.77 

12.99 

+91.9 

2.  18 

6.  12 

+180. 7 

Housing 

10.79^®' 

+  59.4 

4.60(a) 

+111.0 

Tailpipe  Ring 

30.  63 

53.  22 

-34.  0 

38.40 

21.68 

-43.5 

50.72<^) 

-37.  1 

20.00(a) 

-47.9 

Pan-Fire  Shield 

66.91 

40.08 

1 

0 

« 

22.80 

19.  19 

-15.  8 

36.  19(aJ 

-45.9 

16.58(a) 

-27.3 

Bellmouth-Enginf 

16!, 47 

133. 54 

-17.3 

57.  82 

52.75 

-8.8 

Tailpipe 

128. 

-20.4 

49.34(a) 

-14.  7 

(a)  Denotes  predicted  cost  of  explosive  forming  as  a  production  operation.  First  figure  based  on 
actual  cost  for  experimental  forming  of  parts. 


A  cost  analysis  conducted  by  Lockheed 
demonstrates  the  variability  of  both  conventional- 
and  explosive-forming  costs  with  specific  parts. 
This  study  involved  the  fabrication  of  five  parts 
by  both  methods  in  sufficient  quantity  to  establish 
the  desired  cost  information.  These  paits  which 
are  shown  in  Figure  25  include  a  side-panel  jet 
pod,  collar-outlet  housing,  tailpipe  ring,  pan¬ 
fire  shield,  and  an  engine  bellmouth  tailpipe. 

The  results  of  the  cost  analysis  are  summarized 
in  Table  5  where  it  is  evident  that  three  of  the 
parts  examined  were  fabricated  less  expensively 
by  explosive  forming. 

Further  considerations  in  the  economics  of 
explosive  forming  sheet  materials  must  include 
the  availability  of  equipment  and  personnel.  In 
many  cases  conventional  equipment  and  trained 
personnel  are  already  available  and  a  change  in 
production  method  must  yield  sufficient  savings 
to  offset  the  tmused  life  of  present  equipment  and 
the  cost  of  retraining  personnel.  The  quantity  of 
parts  to  be  produced  will  affect  these  economic 
factors.  Although  explosive  forming  has  gener¬ 
ally  been  reg  rded  as  applicable  to  short  produc¬ 
tion  runs,  competitive  production  of  20,  000  parts 
has  been  observed. 


FIGURE  25. .  EXPLOSIVE-FORMED  PARTS  USED 
IN  COST  COMPARISON  STUDY 

Courtesy  of  California  Division  of 
Lockheed  Aircraft  Company. 

Examples  of  Explosively  Formed 
Sheet  Materials 

A  variety  of  sheet  materials  and  shapes 
representing  both  concentric  and  nonconcentric 
configurations  have  been  formed  with  explosives. 
In  each  case  the  process  parameters  have  been 
optimized  for  the  particular  part  in  question; 
consequently  only  the  basic  features  of  explosive 
forming  are  common  to  all  of  these  applications. 
In  reviewing  the  parts  currently  being  formed  it 
is  evident  that  variations  in  die  materials,  types 
of  explosives,  and  methods  of  charge  placement 
are  preferred  as  related  to  the  particular  part 
being  formed.  It  is  intended  that  the  examples 
presented  in  the  subsequent  discussion  will  dem¬ 
onstrate  these  variations  and  the  types  of  appli¬ 
cations  in  current  practice. 

Forming  of  hemispherical  shapes  with  a 
centrally  located  explosive  charge  has  been  the 
most  widely  investigated  application  of  explosive 
forming.  In  forming  large  hemisphere.?  of  the 
type  shown  in  Figure  26  a  number  of  explosive 
operations  are  generally  required.  (**2)  jn  this 
case  the  44-inch  diameter  shape  of  the  0.  071- 
inch-thick  6061  aluminum  alloy  was  formed  in 
six  operations  with  one  intermediate  anneal.  The 
shell-die  concept  consisted  of  a  fiber-glass- 
reinforced  plastic  shell  of  the  desired  contour 
which  was  sealed  to  a  heavy-wall  steel  container. 
Additional  reinforcement  was  supplied  to  the  shell 
by  filling  the  container  with  water  before  sealing 
the  shell  to  it.  This  tooling  was  used  to  form  the 
subject  parts.  This  type  of  die  assembly  is 
considered  unusual  when  compared  to  other 


The  explosive  consisted  of  a  30-inch-diameter 
ring  of  Primacord  (25  g)  in  the  first  operation 
and  similar  charges  located  11  inches  above  the 
center  in  subsequent  detonations.  This  procedure 
produced  a  finished  part  of  57  per  cent  total 
stretch  with  tolerances  of  ±0.  008  inch  on  the 
contour  and  0  to  0.  005  inch  in  thickness.  A 
similar  technique  involving  three  annular  charges 
of  Primacord  and  using  a  Kirksite  die  has  been 
employed  in  forming  5086  aluminum  alloy  domes 
of  94-inch  diameter  and  0.  281-inch  thickness.  (^3) 


FIGURE  26.  HEMISPHERICAL  PART  IN  THE  DIE 
AFTER  THE  FIRST  FORMING  STEP 


Courtesy  of  General  Dynamics/ 
Astronautics. 

A  Z-ring  blank  explosively  formed  from 
0.  020-inch-thick  Type  321  stainless  steel  is 
illustrated  in  Figure  27.  For  this  part  a 
single  forming  operation  involving  a  4130  steel 
die  with  hold-down  rings  and  a  9-inch-diameter 
winding  of  two  strands  of  Primacord  (approxi¬ 
mately  25  g)  was  required.  Subsequent  detona¬ 
tions  and  annealing  treatments  were  not  needed 
because  of  the  relatively  shallow  draw  in  form¬ 
ing.  The  part  as  shown  requires  trimn^ing  to 
complete  the  fabrication  of  the  desired  ring 
configuration. 

Techniques  for  explosive  forming  at 
elevated  temperatures  were  required  in  fozxning 
domes  from  tmgsten  sheet.  (12)  Prior  to  detona¬ 
tion  the  tungsten  blank  was  heated  to  approxi¬ 
mately  1250  F  in  a  bath  of  molten  aluminum  by  the 
device  shown  in  Figure  28.  The  explosive  was 
contained  in  an  insulated  tube  in  order  that  pre¬ 
mature  detonation  would  not  occur.  To  form 
tungsten  domes  of  4.  5-inch  diameter  by  0. 125- 
inch  thickness,  a  12-g  charge  of  Composition  C-4 
explosive  end  an  AISI  4130  steel  die  was  used  in 


single-component  hemispherical  forming  dies.  the  assembly  described.  A  dome  height  of 
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approxiiiiaiely  i  inch  with  a  tolerance  of  ±0.003 
inch  resulted  from  a  single  operation  of  this 
type. 


FIGURE  27.  CLOSEUP  OF  PART  READY  FOR 
TRIMMING  TO  FORM  THE 
Z-RING 


Courtesy  of  McDonnell  Aircraft 
Corporation. 


FIGURE  28.  ARRANGEMENT  FOR  EXPLOSIVE 
FORMING  AT  ELEVATED 
TEMPERATURE 

Courtesy  of  Aerojet-General 
Corporation. 


Since  nonconcentric  parts  are  consid;rably 
more  difficult  to  prodiire,  forming  cf  such  items 
has  been  restricted  to  those  that  are  small  or 
re-quire  only  limited  deforniation.  Beaded  panels 
represent  examples  of  these  parts  which  have 
been  formed  both  by  drop  hammers  and  explo¬ 
sives.  The  panel  shown  in  Figure  29  was  explo¬ 
sively  formed  from  a  0.  020-inch-thick  sheet  of 
acolumbium-1  per  cent  zirconium  alloy, 

Sheet  explosive  at  a  5-inch  standoff  distance  and 
a  4130  steel  die  were  used  to  form  the  part  in  a 
single  operation.  The  final  tolerances  realized 
in  this  part  were  approximately  ±0.  0  0  inch. 
Similar  panels  of  Type  321  stainl.ss  steel  have 
also  been  formed  by  this  method. 


FIGURE  29.  BEADED  PANEL  MADE  FROM 
Cb-lZr  ALLOY  SHEET 


Courtesy  of  McDonnel  Aircraft 
Corporation. 

The  forming  of  a  L-605  stainless  steel 
shingle  for  the  Mercury  capsule  illustrates  a 
deep-drawing  operation  on  a  nonconcentj  ic 
part.  (44)  The  shingle  which  is  shown  in  Fig¬ 
ure  30  was  formed  in  two  explosive-forming  steps 
using  flat  helical  coiled  charges  of  PETN 
Primacord  at  a  10-inch  standoff  distance  and 
Kirksite  dies.  This  part  which  was  formed  from 
a  0.  010- inch-thick  starting  blank  10  by  12  inches 
yielded  minimum  tolerances  of  0.  0075  inch  of 
the  final  configuration. 

A  larger  nonconcentric  part  with  a  shallow 
contour  which  wa.**  formed  with  explosives  is  a 
honeycomb  facing  sheet.  (45)  This  part  formed 
from  a  PH-15-7  stainless  steel  blank  measuring 
24  by  120  inches  in  a  single  operation  is  shown  in 
Figure  31.  In  this  application  a  4-lb  charge  of 


60  per  cent  nitroRlycerin  dynamite  at  a  Z4-inch 
standoff  distance  and  a  Kirksite  die  was 
employed.  The  die  was  assembled  on  a  heavy 
wood  support  and  an  inclined  track  was  used  to 
lower  the  assembly  into  the  water  tank.  In  the 
final  configuration  tolerances  of  ±0.  010  inch  were 
achieved.  This  application  represents  a  case 
v/here  only  a  few  parts  with  close  tolerances 
were  required  and  explosive  forming  served  as 
the  most  economic  means  of  fabrication. 


FIGURE  30.  SHINGLE  AFTER  FORMING  AND 
BEFORE  TRIMMING 

Courtesy  of  McDonnell  Aircraft 
Corporation. 


Plate  Forming 

Concentric  shapes  similar  to  those  des- 
'.ribed  for  sheet-metal  parts  can  be  explosively 
formed  from  plate.  The  limiting  bend  radii,  of 
course,  are  larger  since  they  depend  on  both  the 
thickness  and  the  mechanical  properties  of  the 
workpiece.  Explosive  forming  of  plate  materials 
has  been  employed  because  presses  large  enough 
to  form  heavy  plates  are  generally  not  available. 
Economic  advantages  are  realized  when  a.  form¬ 
ing  operation,  prior  to  machining  of  thick  parts, 
can  reduce  the  subsequent  machining  time  and 
the  weight  of  raw  material  required.  Explosives 
have  al.^o  been  used  to  blank  or  pierce  holes  in 
heavy  slutpee.  This  operation  reqmres  a  wave 
guide  with  the  appropriately  positioned  and  sized 
holes  for  placing  over  the  workpiece.  It  has  been 
generally  noted  that  placement  of  the  wave  guide 
is  critical  and  extreme  care  is  needed  to  prevent 
irregular  blanking. 

Tooling  Considerations 

In  order  to  support  the  higher  leads 
characteristic  of  explosive  forming  plate 
materials,  the  tooling  must  be  of  heavier  con¬ 
struction  than  that  used  for  sheet  forming. 
Although  the  same  basic  methods  for  determining 
die  designs  are  employed  in  both  cases,  plate¬ 
forming  tooling  is  generally  less  complex. 

Usually  plates  are  not  formed  to  close  tolerances, 
particularly  since  they  are  often  machined  in  a 
later  operation.  A  vacuum  system  is  not  neces¬ 
sary  in  these  operations  because  the  plates  are 
heavy  enough  to  withstand  bulging  from  the  gas 
pressure  created  in  imvented  dies;  where  the  dies 
are  vented,  marking  of  the  workpiece  is  removed 
in  the  final  machining.  The  mass  of  hold-down 
rings  required  for  plate  forming  is  too  large  to 
be  practical;  consequently  forming  is  generally - 
accomplished  in  free-forming  dies  such  as  shown 
in  Figure  32. 


A-47MC 

FIGURE  32.  TAPERED-ENTRANCE  DIE 


FIGURE  31.  FINISHED  DOUBLE-CONTOURED 
PART  AFTER  FORMING 

Courtesy  of  Georgia  Civieion, 
Lockheed  Aircraft  Corporation. 


Formability  of  Plate  Materials 

As  in  other  explosive-forming  operations, 
limitations  on  the  size  of  parts  that  can  be 


fibricratcd  from  pJsts  nr.atgrirtla  are  imposed  by 
factoi's  related  to  the  process  rathe <"  than  to  the 
basic  features  of  th-t  ntvfhod.  At  parts  become 
larger,  or  heavier  plates  are  used,  the  required 
explo'^ive  charge  becomes  larger  aud  may 
approach  the  maximum  charge  v'hich  can  be  used 
in  a  particular  facility.  These  same  factors 
would  necessitate  larger  and  more  heavily  con¬ 
structed  tooling  which  would  be  more  difficult 
and  expensive  to  faoricate.  Without  these  re¬ 
strictions  there  is  no  theoretical  limit  to  the 
site  ci  parts  that  can  be  formed  from  plate 
materials  with  explosives. 

Tolerances  obtainable  in  explosively 
formed  plate  materials  are  the  same  as  those 
noiei  for  sheet  materials,  namely  ±0.  010  inch. 
Notnaally,  considerably  greater  tolerances  than 
these  are  acc“i:ted  on  p>rl3  made  from  plate 
einre  ■subsequent  machining  operations  are 
custoiiiciy.  With  free-formed  ola^e  nrateriale, 
tolerances  great  s^a  ±0.  250  inch  have  been 
considered  acceptable,  i?.  orde.*  to  realize  the 
greatest  economic  potential  of  preforjning  plates 
witn  explorives,  reianA^lon  ci  tolerances  is 
generally  experivHiit:'*ii. 

There  are  no  speoiiic  daV  on  the  form- 
ability  limits  of  plate  materials  in  e.cplos/’ve- 
formiag  operations.  In  most  cases  to  date  ctrly 
limited  deformation,  on  the  order  of  iC  pt'.r  cent, 
has  been  required  in  forming  these  plate  con¬ 
figurations.  It  is  likely  that  greater  deforma¬ 
tions  could  be  obtained  if  desired,  but  these  have 
not  been  required  in  current  applications,  Aloo, 
efforts  in  this  area  of  explosive  forming  have 
been  limited  to  a  relatively  small  number  of 
materials  and  applications  with  the  result  that  the 
relative  forming  behavior  of  the  plate  materials 
examined  cannot  be  well  established. 

Explosive- Charge  Placement 

The  explosive  arrangement  for  plate  form¬ 
ing  is  similar  to  that  for  sheet  forming  except 
for  the  scaled-up  size  of  tooling,  workpiece, 
and  explosive  charges.  Since  water  is  the  pre¬ 
ferred  transmission  medium  in  these  operations, 
containment  in  large  water  tanks  or  filing  above 
g-mund  using  a  water-lilled  bag  is  required.  In 
each  approach  the  explosive  energy  is  trans¬ 
mitted  to  the  workpiece  through  water;  however, 
aboveground  firings  create  a  considerable  noise 
problem  which  may  have  to  be  reconciled  ■with 
public -relation  policies. 

Because  of  the  relaiivsiy  simple  configura¬ 
tions  involved  in  plate  forming,  cliarge  shapes 
and  placement  are  less  complex.  Normally, 
centrally  located  charges  and  ring  charges  posi¬ 
tioned  at  the  desired  standoff  distance  are  em¬ 
ployed.  Consideration  of  charge  containment  in 


water  and  ’.he  rigging  required  for  positioning  are 
ossenlially  the  same  as  tbo-n  m  ohest  forming. 
However,  since  final  machining  is  often  reqtiirev 
some  marking  of  the  fartxied  piece  can  be 
tole rated, 

Ecorximics  of  Explosive 
Plate  Forming 

Ihe  economics  ol  plate-forming  operations 
using  explosives  not  been  established  through 
specific  cott  comparisons  with  more  conventional 
fabrication  methods.  It  is  generally  considered 
that  the  greatest  savi-.;gs  would  be  expected  in 
preforming  heavy  parts  prior  to  finish  machining. 
This  operation  compared  to  machining  the  same 
component  from  solid  stock  would  provide  a 
siviugs  in  ootli  tbe  lequired  machining  tine  end 
the  total  stock  removed  as  waste.  Particul^ir 
advantages  wo*ild  be  reciized  with  maUs rials  that 
■ire  expensive  and  inhe;  ently  difficult  to  machine. 
Such  savings,  of  course,  would  be  requires’  to 
offset  the  costs  of  the  explosive-preforming 
operation. 

Economic  advantages  may  aleo  gained  in 
explosive  foiming  plaCe  materials  in  short  produc¬ 
tion  runs  wliere  ccnventional  equipment  is  not 
available.  In  su'-h  cases  the  cost  of  procuring  a 
heavy  press  for  the  Un.ited  fbimvng  required 
vauld  be  prohibitive  and  the  capital  costs  -requirea 
lor  est£.Viishi''g  an  explosivu-fortning  facility  and 
the  related  tooling  wovld  appear  pariicolafly 
attractive. 

Examples  of  irocplosively  Formed 
Plate  Materials 

In  forming  plates  with  expiosiveo  concentric 
configurations  have  received  the  most  interest 
particularly  where  forming  to  final  shapes  has 
been  involved.  Present  applications  have  been 
limited  to  plate  thicknesses  of  1/2  inch  or  lees 
b«  cause  of  the  comp>onent  sizes  of  interest  and 
not  because  of  process  limitations.  In  addition  to 
the  free-forming  approach  which  has  been  widely 
used  with  plate  materials,  step- forming  opera¬ 
tions,  and  stretch  forming  have  also  been  em¬ 
ployed.  These  variations  and  typical  applications 
are  demonstrated  in  the  subsequent  discussion. 

Free  forming  dome  shapes  from  plate  stock 
with  explosives  has  proven  to  be  highly  successfiil. 
A  dome  resulting  from  explosive  forming  a  0.  10- 
inch-thick  by  25.  b-inch-diameter  Type  321  stain¬ 
less  steel  blank  is  shown  in  Figure  33.(46)  jn  this 
case  three  charges  of  Powertol  7A  (200,  fcOO,  and 
600  grains)  with  ao  intermediate  anneals  were 
required.  Forming  was  accomplished  over  a 
mild  steel  ring  die  with  centrally  located,  spheri¬ 
cal,  explosive  charges  at  a  slaudoff  distance  of 
2  inches.  Similar  techniques  were  used  in 
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forming  a  2014  aluminum  alloy  dome  v/hich  is 
shown  in  Figure  34  after  attachment  of  a  sk;.  t 
by  welding* Six  expk/sive-forming  opera¬ 
tions  were  used  in  producing  this  l/S-scale 
Titan  dome  from  a  blanH  0,  100-inch  Ihick  ?  d 
33*  6  Inches  in  diamei.e:r.  The  mild  steel  die 
components  employed  in  this  case  included  a  die 
ring  and  hoid-down  ring. 


FIGURE  33.  TRANSI-ATION  ROCKET  PART 
FORMED  BY  D^-LESS 
TECHNIQUES 


Diameter  14. 4  inches 

Initial  Thickness  0.  100  inch 

Final  Thickness  C.  080  inch 

Thickn^iss  Variation  20  per  cont 

Courtesy  of  Martin  Company, 
Denver  Division. 

The  production  of  a  hyperbolic  reflector  by 
multiple  explosive-forming  operations  has  been 
demonstrated  with  a  6061-0  aluminum  alloy. 

Ten  steps  were  required  to  form  this  shape  from 
annealed  plate  measuring  3/ 8- inch  thick  and  135 
inches  in  diameter. Explosive  charges  for 
each  operation  consisted  of  loops  of  Primacord 
arranged  in  a  decreasing  diameter.  This  proce¬ 
dure  resulted  in  progressive  stretching  to  form 
the  shape,  starting  from  the  periphery  of  the 
part  and  finishing  at  the  central  portion.  The 
final  shape  which  is  shown  in  Figure  35  was 
formed  in  a  KIrksite  die  in  a  water  transfer  me¬ 
dium  and  represented  a  total  stretch  of  approxi¬ 
mately  15  per  cent  and  tolerances  of  ^0.  032  inch. 
This  approach  to  forming  plate  materials  has  the 
advantages  that  the  small  charges  are  less  likely 
to  damage  the  die  and  forming  cf  large  shapes 
can  be  conducted  in  a  limited  facility. 


FIGURE  34.  FRONT  VIEW  OF  1/5-SCAEE  MODEL 
TITAN  DOME  WITH  ATTACHED 
SKIRT 

Formed  by  free-fbnxiing  techniques 
using  the  '‘plug  cushion"  coixrept; 
final  thickness  at  apetc  -  3.  097  is.; 
thickness  variation  4. 

Courtesy  of  Martin  Company, 

Denver  Division. 

Explosive  plate  forming  has  bicen  ue^d  to  a 
considerable  extent  for  comxnerci^  ornd-iction  of 
heavy  dished  heads  for  steel  tanks^^^^.  The  tank 
ends  which  are  shown  in  Figure  36  after  forming 
and  trimming  were  fabricated  fxom  77-lnch- 
diameter  AlSl  4340  blanks  of  variable  thickness. 
The  procedure  i^scd  involved  two  underwater 
explosive-forming  steps  in  a  4340  steel  die  with 
a  liquid  Aerex  e^iqilosive.  The  eiq>losive  charges 
consisting  of  3210  g  were  in  a  spherical  shape 
and  located  at  a  7-inch  standoff.  In  the  final 
parts  deflections  of  20  inches  were  attained  with 
tolerances  ox  0.  006  inch  on  the  thickness  and 
0.  025  inch  on  the  contour.  The  high  degree  of 
uniformity  in  wall  thicknesses  was  in  part  due  to 
prcmachining  the  thick  plates  to  the  appropriate 
shape. 

The  general  procedures  for  drawing  large 
parts  in  explosive  operations  differ  from  stretch¬ 
ing  in  that  a  greater  number  of  steps  are 
req»iired.  This  procedure  permits  a  greater  con¬ 
trol  of  metal  flow  to  avoid  excessive  thickening  or 
thinning.  Often  rubber  inserts  are  placed  in  the 
die  for  deformation  control  in  the  early  fomaiug 
operations.  A  ?0-inch-diameter  hemisphere 
formed  in  this  manner  is  shown  in  Figure  37. 

In  this  case  a  100-inch-diameter  blank  of  Type 
4086  aluminum  alloy  was  formed  in  10  explosive 
operations  using  PETN  Primacord  charges  vary¬ 
ing  from  50  to  150  g.  A  cast  mild  steel  die  was 
employed.  Standoff  distances  were  varied  from 
6  to  10  inches  the  blank  was  held  hydraulically 
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FIGUR£35.  COMPLETEP  HYPERBOLIC 
REFLECTOR 

Note  »Xight  elongation  ai  holes  in  part 
rim  doe  tj  pull  in  against  the  bolts. 

The  circular  mark  on  t^e  contour  was 
picked  up  from  a  scribe  line  on  the 
die  surface  which  indicates  the  detail 
possible  with  the  process  even  on 
plate  xnaterial. 

Courtesy  of  North  American  Aviation, 
Inc.  .  Columbus  Division. 
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FIGURE  37.  COMPLETED  70-IN.  EXPLOSIVELY 
FORMED  ALUMINUM  TANK  END 

Courtesy  of  Ryan  Aeronautical 
Company, 
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with  a  ^orce  of  ZUO  tons.  The  linal  configuration 
r-ssuited  in  a  35  per  tent  stretch  at  the  center  and 
10  per  cent  shrink  at  the  periphery  with  a  toler¬ 
ance  of  ±0.  030  inch. 

Preforming  oi  heavy  plate  prior  tc  machin¬ 
ing  >  which  had  oeen  noted  as  a  potential  economic 
advantage,  is  demonstrated  in  Figure 
This  forming  was  accompl'shed  on  an  aluminum 
7075  alloy  plate  in  the  T-6  condition  measuring 
40  inches  in  diameter  by  2  inches  thick.  Two 
explosive  operations  using  38  and  24  ounces  of 
commercial  dynamite  and  a  Xirksite  die  in  a 
water  system  were  required.  The  final  com¬ 
ponent  exhibited  a  sttetch  of  approximately  18 
per  cent  with  a  tolerance  of  ±0.  0£»  iuch.  This 
preforming  resxxlted  in  a  saving  of  760  pounds  cf 
material  per  part  when  compared  to  direct 
machining  from  an  1 1  -inch  slab.  In  addition  the 
machining  time  required  was  greatly  reduced 
although  no  direct  comparisons  were  made. 

Forming  nonc'-ncentric  parts  from  plate 
materials  is  more  difficult  .^nd  as  a  result  has 
not  been  widely  investigated.  The  greater  com¬ 
plexity  of  such  forming  was  demonstrated  in  the 
fabrication  of  a  torus  ring  from  Rene  4l(^®). 

This  nonconcentric  part  which  is  shown  in  Fig¬ 
ure  39  required  three  forming  steps  using  700-g 
charges  of  Composition  C-3  at  a  4-inch  standoff 
distance  and  a  Kirksite  die.  The  initial  annealed 
blank  which  measured  54  inches  in  diameter  by 
0. 2 5- inch  thick  yielded  30  per  cent  stretch  and 
tolerances  of  ±0,  010  inch  in  the  final  configura¬ 
tion.  Wrinkling  near  the  nonconcentric  bulge 
was  the  major  difficulty  in  this  forming:  however, 
the  use  of  point  charges  located  at  the  difficult 
areas  eliminated  the  forming  problems. 

Tube  Forming 

Explosive  forces  have  also  been  utilized 
successfully  in  tube-forming  operations.  This 
process  has  permitted  the  formation  of  many 
imique  tubulai  shapes  by  beading  and  bulging  the 
initial  workpiece  .  selected  areas.  In  addition, 
the  extremely  ci  .  tolerances  that  can  be 
achieved  have  been  found  particularly  advantage¬ 
ous.  Since  the  basic  geometry  employed  in  these 
operations  is  a  tube,  it  is  generailly  necessary 
to  use  split  dies  and  line  explosive  chargee  to 
achieve  the  desired  forming.  These  features  of 
explosive  tube  forming  represent  a  major  differ¬ 
ence  between  this  forming  method  and  sheet  and 
plate  forming. 

Tooling  Considerations 

In  order  to  facilitate  removal  of  the  com¬ 
pleted  tubular  configurations  it  is  necessary  to 
use  either  split  dies  or  split  tapered  die  inseits 
depending  on  tbs  particular  part  to  be  formed. 


I'he  use  of  split  dies  makes  evacuation  more  dif¬ 
ficult  in  that  rubber  seals  are  required  between 
the  die  halves.  The  parting  lines  betweeii  the 
die  segments  will  often  leave  undesirable  marks 
on  the  formed  part.  This  marking  effect  can  be 
reduced  by  either  reducing  the  explosive  charge 
and  employing  multiple  operations  or  increasing 
the  strength  of  the  die.  Where  heavy  loads  are 
involved,  modifying  the  strength  of  the  die  has 
little  effect. 


FIGURE  39.  NONCONCENTRIC  TORUS  RING 

Explosively-formed  from  Rene  41. 

Courtesy  of  Rocketdyne,  a  Division  of 

North  American  Aviation,  Inc. 

Some  control  of  the  amount  of  bulging  can 
be  obtained  through  the  use  of  end  plugs  to 
supply  some  restraining  f<»rce  to  prevent  drawing- 
in  from  the  ends  of  the  tube.  This  detail  can  be 
critical  in  thin-gage  tubing  where  wrinkling  will 
occur  if  the  ends  of  the  tube  are  not  restrained. 

Shock-wave  reflectors  can  be  incorporated 
in  the  tooling  for  explosive-forming  operations 
on  tubing.  They  find  the  best  applications  in 
tooling  for  rx»aconccntric  shapes  or  where 
reentrant  angles  arc  desired.  With  the  use  of 
special  reflectors  the  charge  can  be  placed  at 
one  end  of  the  tube  and  a  reflector  inside  the  tube 
to  concentrate  the  shock  wavo  in  certain  areas. 
Very  large  biilges  (350  per  cent  of  tube 
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dinmeter}  have  been  produced  with  the  use  of 
reflectors f  inte rmediate  anneals,  and  step- 
forming  operations.  The  reflectors  can  vary 
considerably  in  design,  ranging  from  a  solid 
filler  with  an  angled  cut  (to  concentrate  the 
energy  on  one  side  of  the  tube)  to  exponential 
shapes  for  reentrant  angles.  To  date,  most  of 
the  work  with  reflectors  has  been  performed  with 
propellants  in  closed  systems  rather  than  with 
explosives. 

Formabllity  of  Tube  Materials 

As  with  sheet  and  plate  forming  any  limita¬ 
tions  on  the  size  of  tubes  that  can  be  formed 
explosively  ^.re  dependent  on  factors  such  as 
facility  capabilities,  difficulties  in  die  construc¬ 
tion,  and  handling.  Forming  operations  have 
been  conducted  on  tubes  ranging  from  1/4- inch 
diameter  with  a  0.  010- inch  wall  to  40-inch 
diameter  with  a  5-inch  v-all.  As  the  size  of  the 
workpiece  is  increased,  greater  quantities  of 
explosives  are  required  which  may  approach  the 
limits  that  can  be  handled  safely  in  an  existing 
facility. 

Tolerances  on  small-diameter  tubes  iiavc 
Usen  maintained  as  low  as  dkO.  001  inch,  but  toler- 
aii<tes  on  the  order  of  *0,  010  inch  are  generally 
accepted.  This  consideration  is  based 
economics  since  the  extremely  close  tolerances 
require  the  construction  cf  heavy,  accurate  dies 
which  will  withstand  the  repeated  heavy  loading 
in  the  production  of  the  desired  parts*  With  the 
relaxed  tolerance,  less  expense  is  involved  in  the 
die  fabrication  and  slight  deformations  through 
uee  can  be  accommodated. 

From  existing  data  it  is  difficult  to  estab¬ 
lish  fbnm-hiLity  limits  and  relative  behavior  for 
the  various  tube  materials  formed  explosively. 

Is  most  operations  material  is  draws  into  the 
foimicg  area  in  addition  to  the  diametral  expan¬ 
sion  at  that  point;  thus  a  measurement  of  the 
diametral  expansion  klone  does  not  give  a  true 
evaluation  of  the  formabllity  of  the  i.iaterial.  /n 
illustration  of  this  effecC  is  demonstrated  in 
forming  a  tubular  compound  component  where 
a  350  ocr  cent  increaso  in  diameter  waJ  re¬ 
corded  at  a  poin’  where  the  wall  thickness  war 
reduesrd  only  20  per  cent,  Usually  only  infor- 
on  the  diameter  increase  as  a  result  of 
forming  or  the  diameter  at  fracture  has 
recorded.  It  is  generally  regarded,  however, 
that  explosive-forming  limit  e  for  simple  bulging 
are  probably  similar  to  conventional  bulge  form¬ 
ing  on  the  same  material. 

Explosive-Charge  Placement 

The  setup  for  tube  forming  requires  the  use 
of  line  charges  placed  on  center  line  of  the  tube. 


This  requirement  holds  .for  parts  which  have 
lengths  greater  than  their  diameters.  Aliguriieni 
of  the  charge  is  critical  since  the  tube  provides 
some  reflective  characteristics  to  the  shock 
wave,  and  misalignment  can  result  in  extreme 
pressures  in  areas  of  the  tube  closest  to  the 
charge.  Proper  location  of  the  charge  can  be 
insured  by  thin  spacers  placed  in  the  tube  or  by 
an  exterior  fixture  which  applies  some  tension  to 
the  explosive  charge.  A  rigid  plastic  tube  can 
also  be  used  to  cover  the  explosive  charge  and  to 
keep  the  flexible  charge  straight. 

Normally  a  die  is  required  when  a  specific 
configuration  is  required.  As  with  plate  forming, 
however,  the  process  can  be  used  for  preforming 
a  tube  which  is  to  be  machined.  Simple  bulges 
can  be  formed  in  heavy-wall  tubes  without  a  die 
but  tolerances  can  not  be  held  very  closely  on 
either  the  diameter  or  on  the  contour  of  the  bulge. 
This  technique  sometimes  offers  advantages  for 
parts  which  are  to  be  finish  machined. 

Economics  of  Explosive 
Tube  Forming 

Although  no  specific  data  are  available  on 
the  economics  of  tube-forming  operations,  it 
appears  that  considerable  savings  are  possible. 
This  opinion  is  based  on  the  large  production 
quantities  of  explosively  formed  tubular  parts 
which  have  been  made  in  isolated  cases.  One 
example  is  the  sound- suppressor  tubes  used  on 
all  commercial  jet  aircraft,  an  application  which 
has  involved  the  production  of  more  than  x0,000 
parts.  The  main  economic  advantage  in  this 
application  is  derived  from  the  close  tolerances 
obtainable.  Such  components  are  often  assembled 
in  other  operations  requiring  close  tolerances 
(brazing,  etc. }  which  praviousiy  involved  con¬ 
siderable  hand  work  on  conventionally  formed 
tubes. 

Examples  of  Explosively 
Formed  Tubes 

Both  convme rcially  available  seamless  and 
welded  tubing  have  been  employed  in  explosive¬ 
forming  operations  W'ith  no  apparent  difference  in 
forming  behavior.  Applications  to  date  have  in¬ 
volved  forming  various  materials  to  configura¬ 
tions  with  both  longitudinal  and  diametral  ribs. 
The  general  pn>cedu.res  used  have  been  similar 
with  only  minor  modifications  appropriate  to  the 
part  being  formed.  The  following  examples  de¬ 
monstrate  the  variations  in  forming  that  have 
been  achieved. 

Some  of  the  less  complex  tube-forming 
operations  have  involved  the  fv>nning  of  square, 

fluted,  and  hexagonal  tubes.  (3®  f  ^9)  Atypical 

item  which  ’  '  .med  from  a  5-isch-diameter 


Type  321  stainless  steel  tub«:  measuring  38 
inches  long  with  a  C.  C2C-inCh  wall  is  shown  in 
Figure  40.  This  part  was  fabricated  in  a  single 
operation  using  6  ounces  of  Primacord  in  a 
water  medium  and  an  AlSI-4340  die.  The  final 
configuration  represented  a  stretch  of  approxi¬ 
mately  20  per  cent  with  finished  tolerances  of 
40.  000  and  -0.  010  inch. 


The  sectioned  segment  shown  in  Figure  42  was 
lurmfsu  from  mn  J Scinch  length  ox  a  4»inch* 
diameter  tube  with  a  0.  078-inch  wall  using  a 
15-inch  length  of  P£TN  Primacord  (75  grams) 
and  a  mild  steel  die.  The  resulting  part  achieved 
a  stretch  of  15  per  cent  and  a  tolerance  of  within 
1.  003  inch  of  the  die  dimensions.  As  ran  be 
noted  in  the  photograph  a  small  amoimt  of  thinning 
was  experienced  in  the  bulged  areas  of  the  formed 
part. 


FIGURE  41.  END  VIEW  OF  OUTER  THRUST 
CHAMBER  SHELL 

Courtesy  of  Rocketdyne,  a 
2>ivision  of  North  American 
Aviation,  Inc. 


FIGURE  40.  EXPLOSIVE- FORMED  HEXAGONAL 
TUBE  BEFORE  AND  AFTER 
TRIMMING 

Courtesy  of  General  Dynamics/ 

Fort  Worth 

Explosive  forming  has  also  been  applied  to 
the  formation  of  inner  and  outer  thrust-chamber 
liners.  The  spiral  grooves  such  as  shown  on 
the  outer  thrust-chamber  sheel  in  Figure  41 
demonstrate  the  variations  in  explosive  tube¬ 
forming  operations  that  may  be  considered  prac¬ 
tical.  This  part  was  formed  in  a  single  opera¬ 
tion  with  150  grains  of  PETN  Primacord  and  a 
Solar  tool- steel  die  in  a  water  medium.  The 
initial  4- inch-diameter  Type  321  stainless  steel 
tube  with  a  0.  063-irch  wall  yielded  an  approxi¬ 
mate  7  per  cent  stretch  with  finish  tolerances  of 
*0.  0005  inch  on  the  inside  diameter. 

Pressure- vessel  segments  of  6061  alumi¬ 
num  have  been  fauricated  in  single  exploeive- 
forming  operations  by  similar  techniques, 


The  bulging  of  a  curved  fuel-line  tube  by 
explosive  methods  is  illustrated  in  Figure  43.^^^^ 
Th-s  part  was  initially  curved  by  conventional 
methods  from  s  2- inch- diameter  30-inch-long 
321  cold- rolled  steel  tube  with  a  0.  065- Inch  wall. 
Three  explosive-forming  operations,  as  indicated 
in  the  figure,  using  a  4340  forged  steel  die  were 
required.  Formation  of  this  part  represented  a 
maximum  stretch  of  50  per  cent  and  tolerances  of 
40.  006  to  0.  003  inch  on  the  diameter. 

ForminR  Welded  Sheet-Metal  Preforms 

Explosive-forming  methods  have  been  used 
in  forming  components  from  welded  preforms. 
Such  preforms  are  required  when  the  initial  tube 
size  is  larger  than  that  obtainable  commercially 
or  when  a  specialized  starting  shape  is  needed. 
Since  subsequent  forming  operations  will  be  con¬ 
ducted,  it  :s  necessary  that  good  quality  ductile 
welds  be  employed  in  preform  fobricatfon.  Gen¬ 
erally  the  welds  are  planished  and  the  blanks  an¬ 
nealed  prior  to  forming.  Also,  where  possible, 
the  welds  are  located  in  areas  where  a  minimum 


42 


stretching  is  exjpccied  io  reduce  the  possibility 
of  weld  failures  during  the  forming  operation. 


FIGURE  42.  COMPLETED  SEGMENTED 
PRESSURE  VESSEL  AND 
CROSS  SECTION 

Courtesy  of  Chance  Vought 
Corporation,  a  Division  of 
Ling- Temco- Vought. 


FIGURE  43.  F8U  FUEL-LINE  TUBE 

Courtesy  of  Chance 
Vought  Corporation,  a 
Division  of  Ling- 
Temco- Vought. 


Tooling  Considerations 

The  size  of  parts  may  in  some  cases  limit 
the  use  of  split  dies  and  in  turn  limit  the  process 
to  applications  where  natural  draft  will  permit 
the  removal  of  the  part  from  the  die.  No  other 
special  considerations  are  necessary  for  tools 
unless  very  thin  parts  are  to  be  formed  which 
may  result  in  wrinkling  when  a  vacuum  is  applied 
between  the  part  and  the  die.  Wrinkles  can  be 
avoided  by  the  use  of  sandwich  blanks  or  removed 
by  hammering  with  a  mallet  if  they  form  during 
the  time  the  vacuum  is  applied. 

Formability  of  Welded  Assemblies 

As  with  other  explosive-forming  operations, 
the  size  of  parts  which  can  be  produced  from 
welded  blanics  is  limited  only  by  external  factors. 
The  maximum  die  size  is  smaller  than  for  sheet 
or  plate  forming  because  the  shape  of  the  parts 
usually  results  in  higher  tensile  stress  com¬ 
ponents.  In  addition,  the  charge  size  io  limited 
in  the  same  manner  as  that  noted  fo.'  •  he?t  and 
plate,  namely  the  capability  of  the  facility  to  be 
used. 


Tolerances  for  parts  explosively  formed 
from  welded  sheet  can  be  held  to  ^0.  010  inch 
although  a  noore  practical  tolerance  of  dfcO.  032 
inch  is  n  mally  specified.  The  higher  forces 
that  would  be  necessary  to  obtain  closer  toler¬ 
ances  would  shorten  die  life  and  result  in  higher 
die  costs  for  a  given  production  run.  Close 
tolerances  would  also  require  a  higher  degree  of 
weld  finishing  prior  to  forming.  Because  of 
these  factors  the  tolerances  for  forming  welded 
sheet-metal  preforms  are  generally  considered 
somewhat  larger  than  those  for  forming  sheet 
metal  of  the  same  thickness. 

The  formability  of  welded  sheet-metal  pre¬ 
forms  in  explosive  forming  would  be  the  same  as 
that  for  the  individual  sheet  metal.  Tide  direct 
comparison,  of  course,  assumes  that  the  welds 
have  been  properly  finished  and  annealed  to  in¬ 
sure  adequate  ductility.  Otherwise,  the  weld 
joints  or  beat-affected  areas  would  impose  limita¬ 
tions  on  the  forming  operation.  Often  it  is  neces¬ 
sary  to  test  the  welds  in  tension  to  provide  a 
comparison  of  their  ductility  with  that  of  the 
parent  metal. 

Explosive-Charge  Placement 

Tho  type  and  placement  of  explosive  charges 
in  forming  welded  sheet  assemblies  depends  on 
the  final  configuration  of  the  part  desired.  Line 
charges  positioned  at  the  axis  of  the  assembly  are 
used  for  long  right  cylindrical  shapes.  With  a 
cone- shape  part  a  point  charge  positioned  toward 
the  base  of  the  assembly  may  be  desired. 
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Combinations  of  the  two  types  of  charges  and 
reflectors  slso  be  utiliz-sci  st*  noted  in  tbe 
previous  discussion  on  tube  forming..  As  with 
other  explosive -forming  operations,  set-up  de¬ 
tails  are  still  based  to  a  great  extent  on  indivi¬ 
dual  experience  with  similar  starting  shapes  and 
explosive-forming  assembly  designs. 

Economics  of  Forming  Welded 
Sheet  Assemblies 


Economic  advantages  that  may  be  realized 
in  explosive  forming  welded  sheet-metal  assem¬ 
blies  are  dependent  on  the  complerity  of  the  part 
designs  and  the  number  and  types  of  operations 
required  in  conventioiial  fabrication.  In  addition, 
material  factors  such  as  ease  of  forming,  weld¬ 
ing,  and  machining  will  influence  the  comparison. 
As  with  other  types  of  explosive  forming  econo¬ 
mic  analyses  are  quite  limited.  One  economic 
comparison  concerning  the  forming  of  welded 
sheet  preforms  is  summarized  in  Table  6.(50) 
This  analysis  involving  bulging,  floturning,  and 
explosive  forming  considers  the  forming  of  a 
complete  skin  section  made  of  6061  and  5086 
aluminum  alloy.  The  final  formed  part  was  to  be 
31  inches  long  with  a  IZ-inch  diameter  at  one  end 
and  a  5- inch  diameter  at  the  other  end. 

TABLE  6.  RELATIVE  MANUFACTURING 
COSTS  OF  A  CONICAL 
ALUMINUM  SKIN 


Bulging  Floturn  EIxplosive  Forming 


Part  Cost 

0,89 

1,00 

0. 

77 

Tooling 

3,60 

1.00 

2, 

40 

Facilities 

2.30 

4.00 

1. 

00 

The  analysis  shows  an  economic  advantage  in 
favor  of  explojive  forming  for  this  particular 
part. 

Examples  of  Explosively  Formed 
Welded  Blanks 


A  wide  variety  of  tubular  and  conical  shapes 
has  been  fabricated  by  explosive-forming  welded- 
sbee^  assemblies.  In  most  cases  relatively  thin 
sheet  has  been  used,  but  the  effectiveness  of  this 
forming  method  on  thicker  assemblies  has  also 
been  demonstrated.  Depending  on  the  geometry 
in  question,  line  charges,  point  charges,  and 
split  charges  have  been  employed.  Also  varia¬ 
tions  in  die  designs  have  been  used  with  particu¬ 
lar  emphasis  on  minimizing  die  costs.  The  fol¬ 
lowing  examples  present  some  of  the  shapes  and 
explosive-forming  practices  that  are  characteris¬ 
tic  of  current  applications. 


Complex  conical  shapes  generally  require 
miiltinle  forminv  one  rations  with  nosaible  inter- 

■  a  ^  -  a  -  a 

mediate  anneals.  The  truncated  cone  shown  in 
Figure  44  was  formed  in  this  manner  from  a  22- 
inch-long  Type  321  stainless  steel  preform  mea¬ 
suring  4-1/2  inches  in  diameter  at  the  small  end 


FIGURE  44.  COMPLETED  TRUNCATED  CONE 

Courtesy  of  Ryan  Aeronautical 

Compauiy. 

and  11-1/2  inches  in  diameter  at  the  large  end.(^®) 
Five  forming  stages  were  required  using  ball 
shaped  60  per  cent  Nitro  Dynamite  changes  of  5 
to  16  g  positioned  at  the  center  of  the  cone.  A 
Kirksite  clie  with  steel  inserts  for  forming  the 
bosses  and  a  clamp  ring  represented  the  tooling 
in  this  operation.  During  the  course  of  forming 
this  part,  one  intermediate  anneal  was  necessary. 
Tolerances  of  -0.  010  inch  from  the  die  dimen¬ 
sions  were  achieved  with  the  material  undergoing 
20  per  cent  stretch.  Similar  techniques  have  also 
been  used  to  fabricate  the  rocket  shroud  shown 
in  Figure  45.(38} 

The  usefulness  of  the  separation  of  explo¬ 
sive  charges  to  achieve  a  bell-shape  component 
of  K-Monel  is  demonstrated  in  Figure  16. (^^^ 

The  initial  rolled  and  welded  0.  040-inch-thick 
cone  preform  measuring  24  inches  long  with  a 
diameter  tapering  from  4  to  20  inches  was  formed, 
in  three  operations.  Spherical  charges  of  4  g  and 


15  t»  lo<'at»d  at  the  top  ond  bottom  of  tuc 
assembly,  respectively,  were  used  in  each  step 
with  one  intermediate  anneal.  A  Kifkoiie  die 
with  bolts  to  provide  a  hold-down  force  was  used 
in  a  water  medium  in  this  forming  operation.  A 
total  stretch  of  19  per  cent  with  a  finished  toler¬ 
ance  of  ±0.  010  inch  was  achieved.  It  was  noted 
that  a  considerable  amount  of  drawing  occurred 
during  the  operation  requiring  the  accommoda¬ 
tion  of  the  change  of  length  in  the  part. 


FIGURE  45.  EXPLOSIVELY  FO-^MED  ROCKET 
SHROUD 


Courtesy  of  Rocketdyne,  a  Division 
of  North  American  Aviation,  Inc. 

Explosive  forming  of  large-diameter 
welded-sheet  tube  preforms  has  been  accom¬ 
plished  in  dies  consisting  of  stacked  and  bolted 
plates  of  steel.  The  fan  hub  shape  formed  in 
this  manner  is  shown  in  Figure  47.  These  con- 
figuiations  have  beei'.  fabricated  from  Monel, 
carboti  steel.  Types  504  and  316  stainless  steel, 
and  silicon  bronze  from  10  to  14~gage  preforms 
ranging  from  16  to  36  inches  in  diameter.  In  ail 
cases,  charges  of  dvnamite  were  centrally 
located  in  the  assembly  to  achieve  the  desired 
forming. 

Explosive  forming  hea.v/-wall  tube  pre¬ 
forms  has  been  successful  in  fabricating  6061 
aluminum  components.  The  part  shown  in 
Figure  48  was  formed  in  a  single  operation  from 


a  1- 1 /4-inch-thick  preform  32  inches  in  diameter 
and  16  inches  long.  A  260-g  Composition  C-3 
explosive  charge  located  at  the  center  of  a 
ductile-iron  split-die  assembly  was  utilized  for 
this  forming.  The  approximate  stretch  achieved 
in  this  case  was  5  per  cent. 


.FIGURE  46.  STARTING  BI.ANK  CONE  AND 
FINISHED  EXPLOSIVE 
FORMED  PART 


Courtesy  of  General  Dynamics 
Astronautics. 


FIGURE  47.  FINISHED  MONEL  FAN  HUB 


Courtesy  of  the  Moore 
Company. 

Final  sizing  of  a  closed  end  shape  is  dem¬ 
onstrated  by  the  pylon  door  for  a  large  missile 
system  shown  in  Figure  49.(3®)  Blanks  for  this 
configuration  were  initially  formed  by  drop- 
hammer  forging  6061-alumintun  alloy  segments. 
Subsequent  welding  and  heat  treating  resulted  in 


considerable  distortion  of  the  preform  for  the 
final  sizing  operation.  This  sizing  was  ac¬ 
complished  by  three  explosive-forming  steps 
using  400  grain/ft  PETN  Primacord  centrally 
located  in  a  ductile-iron  split  die.  The  die 
assembly  bi  this  case  was  opened  and  closed 
hydraulicaUy.  The  final  part  which  measured  4 
feet  by  an  18- inch-diameter  base  with  a  0.  063- 
inch  wall  yielded  final  tolerances  of  :^0.  010  inch 
with  a  maximum  of  20  per  cent  stretch.  Over 
100  parts  were  made  in  this  manner  with  the 
same  die  setup. 


RESPONSE  OF  MATERIALS  TO 
HIGH-VELOCITY  FORMING 


FIGURE  48.  HEAVY- WALL  TUBE  AFTER 
FORMING 


Courtesy  of  California 
Division  of  Lockheed  Aircraft 
Corporation. 


FIGURE  4V.  COMPLETED  PYLON 

Courtesy  of 
Rocketdyne,  a 
Division  of  North 
American  Aviation, 
h'C. 


Among  the  lactors  of  interest  in  an 
explosive-forming  system  are  critical  impact 
velocity,  particle  velocity,  rate  of  propagation  of 
elastic  and  plastic  waves,  longitudinal  and 
transverse  wave  propagation,  transmitted  and 
reflected  waves,  and  compression  and  tension 
waves.  Many  of  these  considerations,  however, 
apply  only  to  contact  operations  where  very  high 
pressures  are  obtained  from  the  detonation  of  the 
explosive  charge.  Since  explc  've  forming  is 
normally  conducted  with  standoff  charges  which 
produce  considerably  lower  pressures,  most  of 
the  aforementioned  factors  can  be  disregarded. 
Thus ,  for  practical  applications  of  explosive 
forming  it  is  most  important  that  the  critical 
impact  velocity  of  the  material  is  not  exceeded. 

Critical  Impact  Velocity 

The  critical  impact  velocity  is  a  function  of 
the  material  which  is  represented  by  the  limiting 
condition  for  differences  in  relative  velocity 
between  two  adjacent  elements  under  dynamic 
conditions.  If  all  parts  of  a  material  were  mov¬ 
ing  at  the  same  velocity  there  would  be  no  critical 
impact  velocity  until  some  reaction  tended  to  stop 
the  motion  of  a  part  cf  the  material  while  other 
parts  attempted  to  continue  at  the  iiitial  velocity. 
The  reverse  condition  is  obtained  in  explosive 
forming  where  the  material  is  initially  at  rest 
and  on  detonation  some  part  of  it  is  accelerated 
while  other  parts  of  it  are  restricted  and  remadn 
at  rest.  The  critical  impact  velocity  is  important 
because  it  limits  the  maximum  strain  rate  at 
which  a  material  still  exhibits  some  ductility  and, 
in  effect,  imposes  a  limit  on  formability. 

Table  7  lists  the  critical  impact  velocities 
reported  for  various  materials  and  includes  both 
experimental  and  theoretical  values.  It  is 
important  to  note  that  these  velovitier  are  lower 
for  cold-worked  materials  than  thc>  corresponding 
material  in  the  anneaded  condition.  Therefore,  in 
step-forming  operations  without  intermediate 
anneals,  the  permissible  velocity  imparted  to  the 
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less  than  that  which  can  be  used  in  the  initial 
operation. 

TABLE  7,  CRITICAL  IMPACT  VELOCITIES  OF  SOME 
MATERIALS 


Critical  Impact  Velocity,  ft/ sec 

Material 

Condition 

Experimental 

TheoreticaHa) 

Aluminum  alloys 

2002 

Annealed 

200t 

176 

2002 

1/2  H 

110 

36 

2024 

Annealed 

200+ 

174 

2024 

ST 

200+ 

290 

Magnesium  alloys 

Dow  F 

As  received 

200+ 

232 

Dow  J 

As  received 

200+ 

303 

Copper 

Annealed 

200+ 

232 

Copper 

Cold  rolled 

50 

42 

Ingot  iron 

Annealed 

100 

(b) 

Steels 

SAE  1022 

Annealed 

160 

(b) 

SAE  1022 

Cold  rolled 

100 

95 

SAE  4130 

HT 

235 

(b} 

SAE  1095 

Normalized 

200+ 

232 

SAF.  1095 

Annealed 

160 

231 

Stainless  3C2 

As  received 

200+ 

490 

Hadfield  steel 

A* 

200r 

750 

(a)  Computed  from  ensineering  stress-strain  curves. 

(b)  Existence  of  yield  point  prevents  computation  of  critical 
velocity. 


Effects  on  Micro  structures 


In  materials  which  undergo  a  phase  trans¬ 
formation  due  to  changes  in  temperature,  a 
phase  transformation  may  also  occur  when  the 
pressure  applied  to  the  material  reaches  a  high 
level.  Steel  is  an  alley  which  behaves  in  this 
manner.  A  phase  transformation  is  oelieved  to 
occur  at  a  pressure  level  of  about  130  kilobars, 
which  is  equivalent  to  approximarely  2,000,000 
psi.  (5^)  This  opinion  is  supported  by  the  devia¬ 
tion  in  the  equation-of-s*ate  curve  for  iron 
shown  in  Figure  50.  Even  without  an  initial  pres¬ 
sure  impulse  of  this  magnitude,  interaction  of 
the  stress  v/aves  within  a  material  may  cause 
transformation  to  occur.  A  material  CciUed 
“white  martensite";  because  of  its  metallographic 
appearance,  is  often  found  in  steel  at  areas  where 
maximum  shear  has  occurred.  The  hardness  of 
the  material  has  been  found  to  be  greater  than 
the  normal  untempered  martensite  found  in  the 
specimens,  although  it  reacts  to  tempering  in  a 
fashion  similar  to  the  normal  martensite.  The 
appearance  metallographic  ally  of  this  material 
is  that  of  massive  carbide  formations  but  the 
hardness  is  lower  than  expected  for  carbides. 

There  are  several  theories  concerning  the 
formation  of  the  white  martensite  but  they  have 
not  been  substantiated.  Probably  the  most  widely 
accepted  theory  is  that  the  material  has  been 
heated,  by  ipternal  friction,  above  the  austenite 


transformation  temperature  and  then  very 
rapidly  quenched  by  the  surrounding  material  to 
form  the  white  martensite.  It  should  be  noted, 
however,  that  this  system  does  not  represent 
equilibrium,  and  phase  diagrams  based  on 
equilibrium  conditions  cannot  be  applied.  Exam¬ 
ination  of  steel  specimens  containing  white 
martensite  has  indicated  a  preference  for  cracks 
to  propagate  through  or  along  the  streaks  of  white 
martensite.  This  indicates  that  the  material 
must  have  been  formed  prior  to  the  initiation  of 
the  crack,  for  the  free  energy  of  a  crack  after  it 
has  been  formed  is  much  too  low  to  account  for 
the  formation  of  the  white  martensite. 


FIGURE  50.  HUGONIOT  CURVE  FOR  IRON^^^^ 


White  martensite  has  been  formed  by 
deformation  processes  other  than  explosive  im¬ 
pacting.  Hammer  heads  and  other  tooling  sub¬ 
jected  to  impact  loads  have  shown  traces  of  this 
material.  It  may,  therefore,  be  concluded  that 
the  two  essential  factors  are  impact  loading  and 
localized  high  deformation.  There  has  not  been 
any  correlation  to  date  of  the  impact  sj>eed  re¬ 
quired  to  obtain  this  material  although  one  of  the 
newer  studies  may  provide  the  needed  information 
on  its  mechanism  of  formation.  ^ 


Formability 

It.  normal  "xplosive-forming  operations  the 
major  material  factors  are  ductility  and  tough¬ 
ness.  It  is  general  practice  not  to  exceed  the 
elongation  as  determined  by  tensile  testing  in 
forming  a  part  from  the  same  material.  Tough¬ 
ness  criteria  cannot  be  as  readily  applied  since 
the  forming  operation  represents  biaxial  and  tri- 
axial  stressing  as  compared  to  uniaxial  stressing 
in  the  tensile  test.  Therefore,  the  area  under 
the  engineering  stress-strain  curve,  which  is 
usually  taken  as  a  measure  of  toughness,  must  be 
considered  a  relative  value  to  be  used  in 
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experience.  In  addition  it  should  be  noted  that 
tooling  design  can  influence  the  apparent  form- 
ability  of  a  material. 

Comparisons  of  lormability  of  various 
materials  on  explosive  forming  are  subject  to  the 
pariicxilar  experimental  design  under  which  they 
are  tested.  As  a  result,  absolute  values  of 
formability  are  not  obtained,  but  relative 
behavioi  for  use  in  other  explosive-forming 
operations  can  be  established.  A  comparison  of 
materials  using  annealed  1100  aluminum  as  the 
basis  is  shown  in  Figure  51.  It  should  be 
noted  that  the  apparent  formabilitics  shown  may 
be  increased  through  modified  tooling  design  in 
other  operations.  Also,  increasing  the  forming 
tempierature  will  provide  obvious  forming  advan¬ 
tages. 


trx  mav  match 

.. .. — .  - ^  . 


Akiminum 
1100 -0 
conditkn 
Tantalum 


80  too 

A^47989 


FIGURE  51. 


RELATIVE  FORMABILITY  OF 
METAL  WITH  EXPLOSIVEI^S) 


Many  cases  of  reduced  spring  back  in 
explosive-forming  operations  have  been 
reported.  This  unusual  effect  is  generally  attri¬ 
buted  to  the  extrenie  pressures  involved  in  this 
fabrication  method,  being  several  orders  of 
magnitude  higher  than  tliose  in  Cv»nventional 
methods.  Of  particular  interest  is  the  elastic 
strain  that  may  be  induced  in  the  die  during 


normal  springback  of  the  formed  part.  Where 
these  two  values  match  closely  little  apparent 
springback  would  be  observed.  As  more  forming 
exp>erience  is  accumulated  it  is  apparent  that 
minimal  springback  and  die  wear  are  related, 
indicating  that  the  "overdriving"  effect  noted 
above  is  the  likely  mechanism.  The  degree  of 
sprir. gback  is  also  related  to  the  explosive  param 
eters  and  die  design  as  evidenced  by  the  contrast¬ 
ing  occurence  of  normal  springback  in  operations 
involving  small  charges  and  heavily  constructed 
dies. 

Mechanical  Properties  During 
Forming 

An  indication  of  the  properties  anc-  behavior 
of  materials  during  high-velocity  loading  was 
obtained  in  early  mechanical  testing  programs.^^^^ 
The  most  striking  effect  was  found  in  materials 
with  a  delayed  yield  point  such  as  iron.  It  was 
foxind  that  the  materials  could  be  loaded  beyond 
their  yield  point  and  held  for  a  small  time  without 
the  initiation  of  deformation.  Only  materials 
exhibiting  an  upper  and  lower  yield  point  in  con¬ 
ventional  tensile  tests  were  found  to  show  this 
type  of  behavior.  In  explosive  forming,  a 
material  of  this  type  would  sustain  more  of  the 
total  impulse  before  actual  movement  of  the 
material  started.  The  consequences  of  this  type 
of  loading  are  not  completely  understood  although 
experiments  have  indicated  that  except  for  slightly 
higher  loading  such  materials  deform  like  those 
which  do  not  display  this  behavior. 

In  all  materials,  the  dynamic  ultimate 
strength  is  considerably  above  the  static  ultimate 
strength  as  indicated  in  Figure  52.  This 
means  that  the  pressure  required  to  deform  a 
metal  will  be  greater  under  explosive-forming 
conditions  than  that  required  if  the  pressure  were 
supplied  at  a  lower  rate.  The  exact  dynamic 
yield  strength  of  a  material  is  a  function  of  the 
strain  rate  and  the  work- hardening  characteris¬ 
tics  of  the  material.  All  values  for  the  dynamic 
yield  of  materials  have  been  derived  empirically 
and  they  are  usually  reported  as  multiples  of  the 
static  y'ield  strength.  The  speed  effect  is  nor¬ 
mally  taken  into  account  with  a  number  of  other 
controlling  factors  so  that  one  factor  is  obtained 
for  all  of  the  variables.  This  simplifies  the  pro¬ 
cedure  of  establishing  pressure  requirements 
for  any  new  material  or  configui ation. 

Static  Mechanical  Properties  of 
Materials  After  Explosive 
Forming 

Increases  in  strength  similar  to  those  e»i- 
pected  from  the  same  amount  of  deformation  by 
conventional  forming  methods  have  been  fo\md  in 
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e’qjlosively  forsncd  materials.  Thsrs  have  also 
been  come  indications  of  abnormally  high  in- 
creases  in  strength  level^^^^as  given  in  Table  8, 
although  they  have  been  limited  to  specific  alloys. 
Some  indications  of  increased  ductility  at  a  given 
strength  level  have  also  been  reported  for 
multiple- step  forming  operations  v/here  no  inter¬ 
mediate  anneals  have  been  used.^"^)  In  these 
cases  the  strength  of  the  material  after  the  first 
intermediate  forming  operation  would  indicate 
that  the  ductility  is  insufficient  for  completing 
forming  operations  although  the  parts  were  made 
successfully  by  forming  without  intermediate 
anneals.  This  indicates  that  the  explosively 
formed  parts  exhibited  unexpected  good  ductility 
at  a  higher  strength  level.  Certainly  more  work 
is  required  to  determine  the  conditions  affecting 
this  behavior. 


Ingot  Iron 

Cold  Rotted  SAE 
1022  Steel 
Anneotsd  SAE  1022 
Siset 

Stointess  Steel  3(C 

Annealed  Copper 

Cold  Rolled  Copper 
Mognesium  Alloy 
Dow  Metal  M 
Mognesium  Alloy 
Dow  Metal  F 
Anneated  2S 
Aluminum  Alloy 

2S  Alum.  Alloy  (jH) 

Annealed  24  S 
Alumbusn  At  by 
24  ST  Aiuminun 
Alby 


Ultimats  Strength ,  psi 


Stotic  EZZZI  A-47990 

Dynamic 


M  TMC  or  HIGH-VE1.0C!Ti  J?ErO!tt¥ A r!0?J 

ASSOCIATCD  THKXUA:.  TREATMENTS)  ON  THE 
AVERAGE  PR<3PEBTIES  OF  150  STAINLESS  STEELCr) 


UltilAAtA  Ta^aUo  TAOAilA  Ylold 

StrAostb.  1000  pAi  StrAORtb.  1000  pal 

ElOOgAtiOQ  ix. 

2  IftcbAAr  PA'*  CAOt 

TfcAtmcftt 

Loeg, 

TrAttA. 

Ixmg.  T 

r&OA. 

Long. 

Tront. 

L*^A4l¥A2y  deformed 

AtlC  AgAd 

225 

225 

202 

199 

17.5 

18.0 

CxploAivtly  dAformot’', 
rA/rtgAtAtAd,  and 

AgAd 

229 

228 

201 

203 

18.0 

17.0 

SApioAively  deformed, 
prCCAAA  AA^AAledf 
rcirigArAUd,  AAd 

Aged 

205 

204 

162 

161 

23.0 

20,5 

AMS  SpociftcAtioe  S64d 
rA^wifAcnAatA  for  CRT 
condttioi: 

185  miaimum 

150  mkainum 

1C.  0  minimum 

AUtghAay  ]..AidIi.m  typicAl 
propArtiAA 

HT  Cendtiion 

CRT  CoodlUoo 

20%  ctdd  rAdtiction 
)0%  cold  rediictloo 

201 

IVO 

225 

158 

160 

195 

12.0 

ly.c 

13.0 

(a)  Re/*rent«  North  AmertcMt  AvtAtioa  Report  NA61H'76,  deted  Ma)  4,  29^1. 


{DetA  Are  tor  AtA&lArd  teneile  epccimaAe  r«mo«rAd  from  the  rim  AroA  of  a  0.040- 
Inch'thick  expIoAively  formed  dome  end  wh«ch  hAd  boen  impActed  twice  durizif 
forming.  StArting  mAterUl  prior  tc  forming  wAe  in  the  AsaeAled  coaditicn.) 


Center  of  Cup  Deflection,  inches 

A -4799! 


FIGURE  52.  STATIC  AND  DYNAMIC  VALUES 
OF  THE  ULTD4ATE  STRENGTH 
OF  SEVERAL  METALS^^^^ 

Impact  velocity  200-250  ft/ sec. 

Aluminum  alloys  show  very  little  strength¬ 
ening  from  explosive  forming.  The  ultimate 
strength  of  the  material  remains  almost  constant 
and  there  is  only  a  slight  increase  in  the  yield 
strength  of  the  material.  Figure  53  compares 
the  ultimate  and  yield  strengths,  as  well  as  the 
per  cent  elongation  values,  of  2014  aluminum 
alloy  in  both  the  0  and  the  T-6  conditions  after 
the  materials  had  been  explosively  formed  on  a 
6- inch-diameter  cupping  die  to  varying  depths. 
The  te.sts  were  conducted  on  0.  063- inch-thick 
sheet. 


FIGURE  53.  MECHANICAL  PROPERTIES  OF 
2014  ALUMINUM  ALLOY  AFTER 
EXPLOSIVE  FORMING  ON  A 
.6-INCH-DIAMETER  DIE^^^) 

Some  typies  of  materials,  such  as  the 
precipitation-hardening  stainless  steels,  are 
austenitic  at  room  temperature  but  transform  to 
martensite  upon  deformation.  Since  the  explosive¬ 
forming  operation  applies  uniform  loading  to  the 
parts  being  formed,  the  martensite  which  is 
formed  is  fairly  evenly  distributed  and  some 
ductility  is  still  retained  in  the  material.  The 
procedure  can  be  considered  similar  to  ausform- 
ing  since  the  material  is  worked  in  the  austenitic 
condition  prior  to  transformation  to  martensite. 

To  obtain  the  fxill  benefits  of  the  process  it  is 
necessary  to  chill  the  material  to  eliminate  the 


retainea  austenite  ano  tnen  to  rencai  -o 
the  martensite  and  to  precipitate  additional 
strengthening  carbides.  This  procedure  has 
been  found  to  produce  increases  up  to  20  per  cent 
in  ultimate  and  yield  strengths  and  ductility  over 
properties  obtained  by  the  typical  heat  treatment 
of  solution  treating,  deep  freezing,  and  aging .(1^) 

Other  materials  do  not  appear  to  gain  any 
significant  increase  in  strength  by  explosive 
forming  over  that  obtained  from  the  same  amount 
of  deformation  by  conventional  processes.  This 
opinion  is  supported  by  data  in  Table  9.  The 
amount  of  strengthening  is  strictly  a  function  of 
the  work-hardening  characteristics  of  the 
material.  Materials  which  work  harden  much 
more  rapidly  than  others  require  intermediate 
anneals  just  as  they  do  in  a  conventional  forming 
process. 


TABLE  9.  COMPARISON  OF  MECHANICAL- PROPERTIES  TOR 
EXPLOSI\'ELY  FORMED  AND  SHEET  METALSt*' 


Mxteriail 

Spec. 

Obtained  Gfftxn 
From^^^  Direction 

Hardness, 

Rc 

Ftu, 

ksi 

Fty, 

kes 

Elongation,  % 

VJ-1000 

Formed 

pi.Tt 

Long. 

39 

iiZ 

187 

5.0 

Formed 

pert 

Trxne. 

45 

233 

ISO 

5.  3 

Sheet 

Long. 

45 

242 

198 

6.  3 

Sheet 

Tr»n». 

45 

249 

207 

6.  0 

T1-6A1-4V 

Formed 

pert 

Long. 

US  Rb 

151 

143 

8.7 

Formed 

psrt 

Trans. 

110  Rb 

158 

134 

7.5 

Sheet 

Long. 

110  t?.b 

147 

140 

14.5 

Sheet 

Trane. 

105  Rb 

148 

137 

14.5 

3i0SS 

F'jrmed 

Long. 

41 

195 

165 

12.0 

Formed 

part 

Trane. 

37 

195 

165 

12.0 

Sheet 

Long. 

40 

207 

175 

1 1.  3 

Sheet 

Trans. 

41 

205 

177 

10.0 

(a)  Formed  part  mean*  tentUc  apecimeo*  were  obtained  from  put« 
which  had  been  explosively  formed,  heat  treated,  and  explosively 
sired  before  the  specimens  were  removed.  Sheet  material 
means  that  the  speimens  were  prepared  from  sheet  material 
without  any  forming  after  the  sheet  had  been  heat  treated. 


Data  indicating  that  explosive  working 
lowers  the  fatigue  strength  of  materials  have  been 
reported  as  shown  in  Figures  54,  55,  and  56. (^) 
The  fatigue  specimens  for  these  tests  were  taken 
from  an  explosively  formed  part  which  had  been 
stretched  about  7  per  cent.  The  formed  parts 
were  heat  treated  after  forming  and  then  explo¬ 
sively  sized  before  the  fatigue  specimens  were 
removed  for  testing.  About  1  p?sr  cent  stretch 
was  produced  in  the  final  sizing  operation.  All 
fatigue  specimens  were  obtained  from  the  same 
parts  as  the  specimens  which  were  used  to 
generate  the  data  for  the  mechanical-property 
values  listed  in  Table  9  and  the  stress-corrosion 
data  listed  in  Table  10. 


FIGURE  54.  S-N-CURVE-.  025  HT 
VASCOJET  1000 


Range  Ratio 
Test  Temperature 
Grain  Direction 


-  0.  1 

-  Room 

-  Lrtjng. 


FIGURE  55.  S-N-CURVE-.  025  HT  AM  350 


Range  Ratio 
Test  Temperature 
Grain  Direction 


-  0.  1 

-  Room 

-  LKjng. 


FIGURE  56.  S-N-CURVE-  025  ANNEAluED  8Mn 
TITANIUM 


Range  Ratio 
Test  Temperature 
Grain  Direction 


-  0.  1 

-  Room 

-  Long. 


50 


TABLE  10  STRESS-CORROSION  DATA  FOR  SPECIMENS  REMOVED  FROM  EXPLOSIVELY 
FORMED  PARTS  AND  FROM  SHEET  MATERIALS^-^) 


Material 

Spec. 

Obtained 

F  rom^^^ 

Grain 

Direction 

Hardness, 

«c 

Fty  (Avg) 
(ksi)  (.75) 

Deflection, 

inch 

Thickness. 

inch 

Hours  to 
Failure, 
Range 

UJ-  1000 

Formed  part 

Long . 

45 

139.  8 

0.  275 

.  0247 

48-170 

F ormed  part 

T  rans . 

44 

141.5 

0.  279 

.  0237 

56-144 

Sheet 

Long. 

42 

148.  3 

0.  293 

.  0246 

80-170 

Sheet 

T  rans. 

41 

155.  3 

0.  307 

.  0246 

80-144 

6A1-4V 

F ormed  part 

Long. 

105  Rb 

107.  0 

0.  143 

.  0655 

No  failure 

Formed  part 

T  rans . 

110  Rfj 

100.  2 

0.  134 

.  0655 

No  failure 

Sheet 

Long. 

115  Rb 

104.  9 

0.  141 

.  0710 

No  failure 

Sheet 

Trans . 

94  Rb 

102.  5 

0.  137 

.  0701 

.No  fail  ire 

350  SS 

Formed  oart 

.Long. 

40 

124.  4 

0.  241 

.  0275 

8-32 

Formed  part 

T  rans. 

37 

124.  0 

0.  240 

.  0274 

No  failure 

Sheet 

Long. 

38 

132.  0 

0.  254 

.  0245 

No  failure 

Sheet 

Trans. 

34 

132.  5 

0.  257 

.  0245 

No  failure 

(a)  Specimens  obtained  from  formed  parts  which  had  been  explosively  formed,  heat  treated,  and 
explosively  sized.  Specimens  obtained  from  sheet  material  which  had  been  heat  treated  but  not 
deformed.  Bend  specimens  were  exposed  to  Salt  Spray  Test  per  Federal  Standard  Method  151, 
Method  811  (170  hours'  exposure  t..ne). 


Comparison  with  fatigue  data  for  control 
specimens  cut  from  sheet  material  which  had  not 
been  formed  indicates  a  reduction  in  the  proper¬ 
ties  for  the  explosively  formed  specimens,  it 
is  quite  p>ossible  that  a  comparison  with  material 
which  had  been  deformed  to  the  same  configura¬ 
tion  by  conventional  forming  methods  would  have 
not  shown  any  significant  differerxe  in  proper¬ 
ties.  Fatigue  properties  of  explosively  formed 
materials  still  require  additional  investigation 
and  could  be  considered  an  urgent  matter  since 
hardware  made  by  explosive  forming  is  now  being 
used  in  areas  of  critical  stress  on  aircraft  and 
missiles. 

Some  studies  now  in  p  egress  have  indi¬ 
cated  a  change  in  the  formation  of  dislocations  as 
the  velocity  of  forming  change®.  This  effect 

would  be  expected  to  influence  the  mechanical 
properties  and  the  characteristics  of  a  material's 
reaction  to  fatigue.  More  definitive  study  in  this 
area  may  establish  the  effects  of  explosive  form¬ 
ing  on  fatigue  properties. 


Stress-Corrosion  Properties  of 
Explosively  Formed  Materials 

Information  available  on  the  effects  of 
explosive  forming  on  the  stress-corrosion  resis¬ 
tance  of  materials  is  very  limited.  Table  10 
compares  the  stress-corrosion  characteristics 
of  several  materials  in  salt-spray  tests  on  bend 
specimens.  A  decrease  in  stress-corrosion 
resistance  w-as  found  for  explosively  formed 
material  compared  to  material  which  had  not  been 
deformed,  The  stress-corro.sion  characteris¬ 
tics  of  explosively  formed  materials  have  also 
been  shown  to  be  poorer  in  magnesium  chloride 
tests  than  those  of  materials  lormsd  by  conven¬ 
tional  equipment.  Therefore,  the  use  of 

explosively  formed  materials  must  involve 
considerations  of  these  effects  and  of  tecloiiques 
for  their  impro’^ement.  More  detailed  study  is 
required  in  this  area  of  research. 

THE  FUTURE  FOR  EXPLOSIVE  FORMING 

Over  the  past  few  years,  explosive  fabrica¬ 
tion  has  gained  the  respect  of  materials 
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fabricators  as  another  useful  which 

complements  older  and  more  conventio.  ?l  form¬ 
ing  methods.  There  is  little  question  now  that 
the.’e  are  useful  applications  of  the  explosive¬ 
forming  approach.  At  the  same  time,  explosive 
forming  is  no  longe r ’Selected  because  of  its 
novelty  alone. 

While  there  is  no  single  set  of  circum¬ 
stances  that  can  be  stated  as  being  controlling 
criteria  in  the  decision  to  apply  explosive  or 
more  conventional  techniques,  there  are  certain 
generalizations  which,  although  somewhat  con¬ 
troversial,  can  be  made.  Simply  stated,  these 
are  (1)  as  the  size  and  or  complexity  of  con¬ 
figuration  increases,  the  attractiveness  of  explo¬ 
sive  techniques  increases  and  (2)  as  the  required 
production  rate  increases,  the  attractiveness  of 
explosive  techniques  decreases.  Therefore,  it 
seems  to  be  apparent  that  the  application  of 
explosive  forming  will  continue  to  grow  as  a 
function  of  the  increasing  size  and  complexity  of 
aerospace  hardware  requirements  and  that  explo¬ 
sive  forming  will  gradually,  as  the  technology 
matures,  move  into  fields  and  applications  now 
dominated  by  other  techniques  where  hardware 
weight  is  an  important  consideration. 
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APPENDIX  A 

METHODS  OF  DETERMINING  PEAK  PRESSURES 
AND  ENERGY  REQUIREMENTS 


The  forces  from  an  explosive  charge  can  be 
estimated  from  the  basic  laws  of  physics.  The 
difficulty  in  the  application  of  these  laws  is  that 
the  forming  takes  place  in  such  a  short  time 
interval  that  it  is  diffic  ilt  to  measure  parameters 
to  determine  which  iawi;  are  to  be  applied.  Al¬ 
though  direct  measurerr.ent  is  impossible  in  most 
cases,  methods  for  indirect  measurement  have 
been  established.  Since  the  basic  laws  of  con¬ 
servation  of  energy  are  obeyed,  scaling  laws 
are  applicable.  Measurements  taken  at  a  dis¬ 
tance,  with  low-pressure  measuring  devices, 
can  then  be  used  to  detern'ine  the  energy  impulse 
in  close  proximity  to  an  explosive  charge.  This 
information  may  be  used  for  small  charges  and 
standoff  distances,  provided  the  distance  in  the 
explosive  operation  is  not  less  than  2  inches. 

Calculation  of  Peak  Pressures 


meters/  second  for  TNT  in  the  above  formula 
yields  tie  following  equation: 


P  =  2.  16  X  104 


^•Wl/.3\1. 

V  R  y 
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(A-2) 


Values  obtained  from  that  equation  were  used  to 
construct  the  noi.nogram  in  Figure  A-1  after  con¬ 
verting  the  units  to  inches  of  distance  and  grams 
of'chargo.  Those  units  are  more  commonly 
employed  in  explosive-forming  operations. 
Similar  nomographs  can  be  constructed  for  point 
charge  of  other  explosives  from  knc<wn  detona¬ 
tion  velocities. 


Figure  A-1  can  be  used  to  predict  peak 
pressures  and  energies  developed  by  point 
charges  of  this  particular  explosive,  TNT,  at 
different  standoff  distances.  The  information  is 
for  detonations  produced  in  water. 


Experiments  have  show.n  that  the  peak  pres¬ 
sures  developed  by  detonating  an  explosive  under 
water  decrease  in  a  regular  manner  with  detona¬ 
tion  velocity  and  with  distance.  The  relation¬ 
ship,  for  point  charges,  can  be  expressed  by  the 
following  equation,  modification  of  one  suggested 
by  Roth(A-  1  )*. 


P  = 


V  6.  9  X  V 


R  J 


X  10^, 


(A-l) 


whe  re 


The  nomogram  in  Figure  A~2  can  be  used 
similarly  for  line  charges  of  PETN  explosive. 
Two  scales  for  standoff  distance  are  given  on  the 
chart.  One  is  for  use  when  the  line  charge  is 
located  along  the  axis  of  s.  cylinder.  In  this  case 
the  diameter  of  the  cylinder  is  the  governing 
parameter.  The  other  scale  is  used  when  line 
charges  are  used  to  deform  flat  blanks. 

Use  of  Nomograms 


P  =  peak  pressure,  psi 

V  =  detonation  velocity,  meters/ second 

W  =  weight  of  explosive,  pounds 

R  =  standoff  distance,  feet 

The  value  of  6.  9  is  an  average  of  the  factors 
determined  for  a  variety  of  explosives  with  deton¬ 
ation  velocities  ranging  from  2000  to  7400 
meters/second.  Data  reported  by  several 
investigators  for  different  explosives  and  stand¬ 
off  distances  indicate  that  the  conversion  factor 
is  constant  within  6  per  cent. 

If  a  particular  type  of  explosive  and  shape 
of  charge  is  to  be  used  frequently,  an  appropriate 
nomogram  simplifies  calculations  of  peak  pres¬ 
sures  for  different  charge  sizes  and  standoff 
distances.  For  example,  substituting  the 
appropriate  detonation  velocity  of  6750 

•Refeiencej  »re  given  on  page  A-5. 


A  line  on  the  nomograph  connecting  the 
desired  peak  pressure  with  the  point  for  a  certain 
standoff  distance  intersects  the  "charge  weight" 
sce.le  at  a  value  indicating  the  required  weight  of 
explosive. 

To  use  the  nomograms,  the  j>eak  pressures 
required  to  form  the  particular  part  must  first  be 
determined.  The  estimates  can  be  made  by  the 
methods  described  in  the  section  "Peak  Pressure 
and  Energy  Requirements".  Then  the  standoff 
distance  is  selected  on  the  basis  of  the  size  and 
shape  of  the  part  and  the  typ>e  of  loading  desired. 
Increasing  the  standoff  distance  lowers  the  ampli¬ 
tude  of  the  initial  impact  but  increases  the  time 
duration  of  pressure  application.  Consequently, 
greater  standoff  distances  are  used  for  forming 
than  for  sizing  operations.  The  amount  of  energy 
available  for  transfer  to  the  workpiece  varies 
inversely  with  the  distance  between  the  explosive 
charge  and  the  work. 

It  should  be  noted  that  the  nomographs  in 
Figures  A- 1  and  A-2  are  for  specific  explosives 
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FIGURE  A-1.  NOMOGRAPH  SHOWING  PEAK 
PRESSURES  AND  ENERGY 
VALUES  AS  A  FUNCTION 
OF  STANDOFF  DISTANCES 
AND  WEIGHTS  OF  TNT 
POINT  CHARGES  IN 
WATER 

and  charge  shapes  detonated  in  water  and  do  not 
apply  to  other  conditions. 

In  calculating  the  amount  of  explosive 
required  for  a  particular  job,  the  amount  of 
explosive  in  the  blasting  cap  should  be  included 


if  the  total  charge  size  is  less  than  50  grams. 

Most  blasting  caps  contain  less  than  1  gram  of 
explosive  so  the  error,  which  would  result  from 
not  taking  the  cap  into  consideration,  will  be 
small  when  large  weights  of  explosives  are 
utilized  but  could  be  significart  for  small  charges. 
The  empirical  data  presented  in  the  nomograms 
are  accurate  within  approximately  10  per  cent. 

Errors  resulting  from  slight  variations  in 
explosive  weight  are  not  as  significant  as  those 
caused  by  variations  in  standoff  distances.  This 
effect  can  be  seen  readily  from  the  formula  which 
indicates  that  tlie  explosive-charge  weight  affects 
the  peak  pressure  by  the  cube  root  whereas  the 
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standoff  distance  is  essentially  directl>  related 
to  the  peak  pressure.  The  accuracy  obtained  by 
using  the  nomograms  has  been  found  to  be 
adequate  for  most  explosive-forming  operations. 
More  sophisticated  calculations  can  be  made  but 
normally  they  do  not  significantly  reduce  the 
error.  Therefore,  it  is  reasonable  to  expect 
that  this  information  will  provide  an  excellent 
starting  point  for  any  particular  explosive¬ 
forming  operation. 

The  two  nomographs  qo  not  hold  for  form¬ 
ing  operations  on  "sandwiches"  or  for  mediums 
other  than  water.  It  is  unfortunate  that  very 
little  quantitative  information  is  available  on  the 
effects  of  various  plastic  or  rubber  mediums  on 
peak  pressure  delivered  through  them.  It  is 
known,  of  course,  that  the  larger  explosive 
charges  are  required  to  produce  the  same 
amount  of  forming  when  rubber  is  used  over  a 
part  and  that  the  amount  of  charge  cr  peak  pres¬ 
sure  must  be  increased  as  the  rubber  thickness 
is  increased.  The  use  of  plastic  or  rubber 
mediums  in  forming  operations  will  certainly 
receive  more  research  attention  in  the  future  and 
is  an  area  which  promises  to  have  significant 
advancements  in  the  state  of  the  art  in  explosive¬ 
forming  technology. 

Peak  Pressure  and 
Energy  Requirements 

A  considerable  amount  of  information  is 
available  on  energy  requirements  for  conven¬ 
tional  metalworking  operations.  This  informa¬ 
tion  can  be  used  where  it  applies  and  modified  by 
simple  coefficients  when  empirical  data  indicate 
that  it  is  necessary.  The  differences  are  con¬ 
cerned  mainly  with  the  response  of  materials  to 
dynamic  loading.  Some  of  the  work  performed 
by  Wood  and  Clark(-^"^)  has  shown  that  materials 
are  stronger  or  exhibit  higher  yield  and  ultimate 
strengths  under  dynamic  loading  than  under  slow 
loading.  The  increase  depends  on  the  material 
and  the  rate  of  stress  application.  Since  very 
high  loading  rates  occur  in  explosive-forming 
operations,  it  is  reasonable  to  expect  that  a  dy¬ 
namic  yield  stress  ehould  be  used  in  the  detei— 
mination  of  pressure  or  energy  requirements  for 
deforming  materials.  This  is  a  difficult  prop¬ 
erty  to  measure  since  it  requires  h  large  amount 
of  testing  at  various  rate.®  of  ]oad  application,  and 
special  equipment  ?s  necessary  to  obtain  the  high 
rates  of  stress  application.  Some  materials  such 
as  steel  complicate  the  determination  of  dynamic 
yield  strength  cv«>r.  further  by  having  a  delayed 
yield  point.  The  effect  of  this  < harocteristic  in 
explosive-forming  operations  is  not  known 
although  it  is  expected  that  it  will  result  in  a 
different  type  of  derivation  of  dynamic  yield 
strength  from  materials  which  do  not  have  an 
upper  and  lower  yield  pomt. 


Due  to  the  many  variables  which  must  be 
evaluated  in  order  to  estimate  the  dynamic  yield 
strength  of  a  material,  most  of  the  information 
available  on  this  characteristic  of  materials  has 
been  derived  empirically.  The  variations  in  types 
of  devices  used  to  obtain  empirical  data  make  it 
difficult,  if  not  impossible,  to  interpret  this 
information  for  other  types  of  equipment  or 
operations. 

The  equations  which  determine  the  opera¬ 
tion  of  explosive  forming  can  be  established  on 
the  basis  of  energy  requirements  or  peak  pres¬ 
sure  requirements. 

Considering  the  pressure  requirements  for 
the  initiation  of  deformation  for  various  geome¬ 
tries  of  parts  the  following  equations  are 
obtaine  d'-^"  ^  ^ : 

For  elliptical  flat  plates  with  simple  supported 
edges 

P  =  St2a/(3a-2b)  ,  (A-3) 

where 

P  =  static  pressure  in  Ib/in.  ^ 

3  =  maximum  stress  in  Ib/in.  equal  to 
dynamic  yield  strength 

t  =  thickness  of  blank  in  inches 

2a  =  major  axis  of  blank  in  inches 

2b  =  minor  axis  of  blank  in  inches. 

For  square  flat  plate  simply  supported 

P  =  S4t2/b2  (A-4) 

where 

b  =  one  side  of  the  square  in  inches. 

For  circular  plates  with  edges  simply  supported 
P  =  PSt2/3R2  (3  +  m)  (A-5) 

where 

R  =  radius  of  blank  in  inches 

m  =  Poisson's  ratio;  approximately  0.  3 
for  steel. 

For  circular  plates  with  fixed  edges,  the  formula 
for  maximum  stress  at  center  should  be  used 
since  rupture  normally  occurs  at  the  center  of  a 
blank.  The  formula  is 

P  =  8St2/2R2  (1  +  m)  (A-6) 

for  maximum  stress  at  center  of  blank 
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For  bulging  thin-walled  tubing: 

P-ZtS,  d  ,  {A-7) 

whe  re 

P  =  static  pressure  in  pounds/ square  inch 
t  =  wall  thickness  in  inches 

a  =  diameter  of  tube  OD  in  inches. 

For  bulging  thick-walled  cylinders: 

P  =  T{R2^  -  ,  (A-8) 

whe  re 

T  =  shear  stress 

R]  =  internal  radius  of  cylinder  in  inches 

R2  =  external  radius  of  cylinder  in  inches. 

To  apply  these  equations,  it  is  necessary 
to  know  the  dynamic  yield  strength  of  the 
material.  Cold  work  increases  the  yield 
strength  of  metals  and  must  be  taken  into  account 
when  determining  the  dynamic  yield  strength  of 
the  material.  Because  of  the  variables  involved, 
it  is  best  to  utilize  a  first  approximation  to  the 
solution  of  the  problem  and  then  adjust  conditions 
based  on  experience  for  the  first  several  parts. 
This  approach  to  the  problem,  which  is  better 
than  trial  and  error,  is  based  on  the  empirical 
relationship  found  between  static  and  dynamic 
pressures  causing  equal  amounts  of  deformation. 
The  relationships  has  the  form 

K  =  a-/e*  ,  {A-9} 

where 

K  =  a  factor  indicating  the  ratio  between 
the  conventional  and  dynamic  yield 
strengths  and  the  pressures  required 
for  fast  and  slow  forming. 

e  =  mean  diametral  stretch  required  to 
form  the  part,  per  cent 

a  =  a  factor  dependent  on  the  work  hard¬ 
ening  characte ristic  of  the  material, 
a  =  1.  58  for  stainless  steels  and 
about  1,25  for  mild  steel  and 
aluminum. 

A  graph  of  "K”  as  a  function  of  percentage 
of  stretch  is  given  in  Figure  A-3,  for  Type  301 
stairless  steel.  The  curve  would  be  shifted  to 
the  left  foi  materials  like  al'nninum  or  mild 
steel  which  are  Jess  sensitive  to  strain  hardening 
than  stainless  steel. 

It  should  be  emphasised  that  these  aquations 
provide  only  a  starting  point  auid  niay  not  result 


in  a  satisfactory  part  without  some  changes  of 
the  setup  during  the  initial  trials. 


Mea">  Diometef  Stretch,  per  cent 
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FIGURE  A-3.  EFFIZCT  OF  STRAIN  ON  TIlE 
RATIO  OF  PRESSURES 
REQUIRED  FOR  FAST  AND 
SLOW  FORMING  OF 
TYPE  3CI  stainless 
ST£SL(A-2) 

Another  method  which  may  be  used  in 
establishing  initial  conditions  is  based  on  the 
energy  requirements(A- 1 This  approach  may 
be  used  for  free-forming  operations  where  the 
size  oi  the  charge  controls  the  d;-pth  of  draw. 

The  following  equation  has  been  found  to  provide 
fair  correlation  with  experience  in  free-drawing 
operations; 

d  =  D{EJ  ,  (A- 10) 

whe  re 

d  =  depth  of  draw  in  inches 

D  =  cup  diameter  in  inches 

Ey  =  energy  required  per  unit  area  in 
in-)b/ it-..  *• 

S  =  dynamic  yield  strength  of  material 
in  Ib/in.  ^ 

t  =  thickness  of  material  in  inches. 

The  energy  available  from  a  TNT  charge  at 
a  given  standoff  distance  can  be  determined  from 
the  following  formula: 

Ey  =  2.41  X  10^  X 


(A-ll) 
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at 

m 


v/here 

Evi  =  energy  required  per  unit  area  in 
in-lb/ in.  ^ 

W  -  explosive  weight  in  pounds 

R  =  explosive  standoff  in  feet. 

The  energy  available  from  TNT  and  other 
explosive  charges  follows  the  relationship^-^"®) 

Eu  =  A  ^ 

where 

E  =  energy  per  unit  area  in 
ft-lb/ft2 

W  =  weight  of  explosive  charge  in 
pounds 

R  =  standoff  distance  in  feet 

A  and  £  --  constants  determined 
empirically. 

The'.e  are  a  n'smber  of  additional  factors 
which  enter  into  any  calculations  for  the  energy 
or  peak  pressure  requirements  for  the  forming 
of  parts  explosively.  (1)  The  ratio  of  the  blank 
diameter  to  the  finished  part  diameter  is 
important  because  ironing  restrains  the  flow  of 
material  into  the  die  and  increases  the  energy 
required  for  drawing.  (2)  The  hold-down  clamp¬ 
ing  force  will  have  a  very  significant  effect  on 
the  amount  of  energy  required  for  forming. 

(3)  The  pressure  between  the  blank  and  the  die 
during  forming  which  may  result  from  entrapped 
gases  should  also  be  considered.  The  initial 
pressure  as  well  as  the  final  fit  of  the  formed 
blank  to  the  die  will  determine  til*  pressu.-e 
between  the  part  and  the  die  during  forming.  In 
addition  to  creating  a  back  pressure,  turning  or 
discoloration  of  die  and  part  surface  can  result 
from  high  temperatures  developed  during  lapid 
compression  of  the  trapped  gas.  In  a  free- 
forming  system,  or  where  the  part  is  not  com¬ 
pletely  formed  to  the  die,  these  difficulties 
should  not  occur  provided  the  volume  occupied 
by  the  formed  part  is  not  more  than  half  of  the 
total  die  volume  available. 
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